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Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy

LIQUID CONTACT LUMINESCENCE
FROM

SEMICONDUCTOR LASER MATERIALS

By

CRAIG CODY LARGENT

August, 1996

Chairman: Peter S. Zory
Major Department: Electrical and Computer Engineering

Semiconductor diode lasers are now widely used in many applications such as

optical memories (e.g. compact-disk players) and fiber-optic communications. Recently,

we discovered that a liquid contact made to standard diode laser material can be used to

obtain light emission resulting from electron-hole recombination in the "active" layer bur-

ied in the multilayer epitaxial structure. Since the active layer is responsible for light

amplification in diode lasers made from such material, this liquid contact luminescence

phenomenon has potential as a new type of diode laser material evaluation technique. In

addition, since the efficiency of the light emission process can be high, the liquid contact

luminescence phenomenon has the potential for use as a new type of flat panel display

(FPD).
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Historically, the liquid contact luminescence phenomenon was discovered during

the course of experiments involving pulsed anodic oxidation (anodization) of semiconduc-

tor laser materials in liquid electrolytes. When observed in the time domain, we found

that the light was emitted, with long delays, after the termination of the voltage pulse. The

complex relationship between oxide thickness, light emission intensity, and turn-on delay

is described.

When the drive current direction is reversed from that used in pulsed anodization,

the material is not anodized and light is emitted continuously from the active layer inside

the semiconductor material as long as the current is on. Because this configuration pro-

duces light emission similar to that produced using photoluminescence (PL), we refer to it

as liquid contact luminescence or LCL. LCL is a quick, inexpensive, and non-destructive

way to obtain information about a variety of material parameters including peak emission

wavelength, spectral linewidth, and relative internal quantum efficiency.

The use of aqueous electrolytes in the initial LCL experiments resulted in bubble

generation. Based on a systematic study of non-aqueous solutions, it was discovered that

it was possible to perform LCL without bubble generation and to reduce circuit resistance.

As a consequence, we have now demonstrated the feasibility of using the, liquid contact

luminescence phenomenon as the basis for a new type of FPD technology.
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CHAPTER 1

INTRODUCTION

In the last 50 years, there has been an explosion of science and technology in the

fields of microelectronics and optoelectronics. Indeed, the unprecedented technical devel-

opments in semiconductors have revolutionized our lives in ways unimaginable just a few

decades ago. Lasers that can be modulated at frequencies in excess of 1 GHz have opened

the door to the "Information Age," where a marriage of electronics and photonics has led

to applications such as the internet, digital communications, optical recording, and com-

pact disc players. Most of these applications have been made possible by advances in het-

eroepitaxy that have expanded the materials available for use in these devices to include

compound semiconductors, most predominantly those composed from column IlI and col-

umn V elements. Metal Organic Chemical Vapor Deposition (MOCVD) and Molecular

Beam Epitaxy (ME) are now used to grow high quality semiconductor laser wafers that

have direct bandgaps suitable for light emission at many wavelengths, from blue to the

mid-infrared.

Electrically pumped at low voltages, semiconductor diode lasers have found their

widest application to date in the music industry due to their use in compact disk players.

Because these lasers are small (typical dimensions of 500 .tm x 500 p.m x 100 A.m) and

highly efficient (50% wall plug efficiency), they have proven useful for applications that

require spectrally coherent, high power optical radiation in a reliable package with no
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moving parts. Long haul trunk telephone transmissions are almost entirely the domain of

fiber optic technology with diode laser transmitters.

The characterization of epitaxially grown semiconductor laser material is a well

developed field with a variety of tools available to provide researchers with information

about laser wafer uniformity and quality. Recently, during experiments related to the fab-

rication of visible semiconductor lasers, we have developed a novel technique that gener-

ates bright emission from semiconductor wafers using a liquid contact. We have named

this technique liquid contact luminescence (LCL). LCL opens up new avenues for mate-

rial characterization and new opportunities for luminescent applications such as flat panel

displays.

We have used LCL as a quick, inexpensive, and nondestructive technique to obtain

information about a variety of epitaxial laser wafer material parameters at the unprocessed

wafer level. Several of these wafer qualities are: peak emission wavelength, spectral line-

width, and relative light emission capability versus current density. Additionally, LCL has

been used to determine relative values of internal quantum efficiency (1) for laser mate-

rial.

In addition to applications of LCL for wafer characterization, we believe that it has

possible display applications. Flat panel display technology has progressed rapidly in

recent years. Cathode ray tubes are being replaced in many applications by flat panel dis-

plays (FPDs) that are continually increasing in brightness and pixel density. In military

applications such as "heads-up displays," the compact size of FPDs makes them the tech-

nology of choice. The bright emission characteristics of semiconductor laser material nat-

urally lead to applications for light emitting displays. In order to meet the requirements of
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these applications, several problems inherent in the early LCL process needed to be

solved. We solved some of these problems by redesigning the LCL liquid electrolyte and

basing it on non-aqueous solvents. A systematic study of these non-aqueous solutions was

performed and promising lifetest results were obtained.

Based on the successful demonstration of the novel LCL technique and its applica-

tion to semiconductor laser wafer characterization, future experiments are proposed to

improve the LCL efficiency and electrolytes.

1.1 Pulsed Anodization / Luminescence

Historically, the development of LCL followed the observation and characteriza-

tion of pulsed anodization luminescence (PAL). In Chapter 2, an introduction to the the-

ory and practice of pulsed anodization (PA), a technique developed at the University of

Florida that is useful for depositing native oxides on a variety of semiconductor laser

materials, is provided. The first application of PA to form submicron diffraction gratings

is described and experiments that were performed to determine the undercutting present in

the PA process are reported.

During the use of PA to form current blocking layers on visible laser wafers,

anomalous light emission was observed. In Chapter 2, the characterization of PAL is

described. PAL presented the first evidence that liquid contacts were useful for injecting

current into the active region of semiconductor laser materials. Based on spectral mea-

surements of the PAL emission and modeling results, we determined that the source of

PAL was electron-hole recombination in the quantum well active region. Measurements

of the temporal behavior of the PAL emission (the relationship between the timing of the

PA current pulse and the emitted light) were used to develop a circuit model. We have
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used this circuit model to quantitatively describe the changes in current flow and light

emission both during PA and after the termination of oxide growth.

1.2 Liquid Contact Luminescence

As stated previously in this introduction, we have developed a novel technique to

produce bright emission from semiconductor wafers using a liquid contact, LCL. In

Chapter 3, we describe the results of a literature search concerning liquid contacts to semi-

conductors. Although liquid contacts have been used extensively by electrochemists to

fabricate liquid junction solar cells, to study the semiconductor electrode/liquid electrolyte

interface, and to make electrical contact to materials in which the fabrication of standard

electrical contacts is difficult (e.g. porous silicon), they have not been utilized to electri-

cally generate light from buried layers in multilayer, epitaxially grown, semiconductor

materials. The fundamental processes occurring in LCL are explained including current

injection at the semiconductor electrode-liquid electrolyte interface. Experiments demon-

strating that LCL is a Lambertian source and that LCL occurs during pulsed anodization

of the n-type wafer substrate in certain configurations are reported.

1.3 Liquid Contact Luminescence - Diagnostic

As a diagnostic tool, LCL can provide much useful information about the quality

of the epitaxial wafer prior to laser fabrication. In Chapter 4, some of the diagnostic tech-

niques developed using LCL will be described along with data obtained by this method.

The first subject covered is the decay of light emission as a function of time, a phenome-

non observed in some LCL experiments. The explanation for this decay phenomenon and

a sample contacting scheme which prevents emission decay is described. Next, the appli-

cation of LCL to the measurement of relative internal quantum efficiency is discussed. A
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theoretical model is proposed for LCL at both low and high injection levels. Experimental

data is used to verify the model and demonstrate that the relative internal quantum effi-

ciency can be measured at high injection levels. Finally, the design of a sample holder

employed to obtain repeatable LCL measurements is described.

1.4 Liquid Contact Luminescence - Displays

Because of the bright emission properties of LCL, it has been proposed that dis-

plays incorporating LCL as the light emission source could be possible. If this is to be the

case, then several problems inherent in the early LCL results needed to be solved. Chief

among these problems were H2 bubble formation at the semiconductor cathode and low

cell efficiency, characteristics which depend on the electrolyte. In order to solve these

problems, we performed a literature search to obtain more information about electrolytes

used in electrochemistry. In Chapter 5, the electrochemistry of the semiconductor elec-

trode-liquid electrolyte interface is explored and photoelectrochemistry experiments that

sought to employ reactions at this interface to generate chemical fuels and electrical power

from sunlight are described. Based on the chemical processes occurring in the electro-

chemical cell, we redesigned our electrolyte and tested these new electrolytes, which dem-

onstrated improved characteristics over the original LCL electrolyte. Using electrolytes

with non-aqueous solvents, we have accomplished the first demonstration of light emis-

sion from semiconductor laser materials using non-aqueous liquid contacts. Resistance

measurements for new solvent/electrolyte/redox couple solutions are discussed and a sys-

tematic study comparing the light emission characteristics of several non-aqueous electro-

lytic solutions as a function of supporting electrolyte molarity is presented. Finally,
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lifetests were performed using some of these non-aqueous electrolytes and we report on

these results and conclusions drawn from the experimental data.

1.5 Conclusions and Future Directions

In Chapter 6, we summarize this work and propose several future directions.

Based on the successful experiments using LCL, there are several areas of research which

we believe would produce profitable results upon further exploration. Foremost among

these experiments is the use of LCL in a pulsed format to obtain information about built-in

charge at the p-n junction. Additionally, improvements in the LCL sample holder and

electrolytic solution are proposed. The extension of the LCL technique to light emitting

diode (LED) materials is also proposed. If LCL is to prove useful for FPD applications,

significant reductions in materials cost will be necessary and may be possible using LED

materials. Increases in luminescence lifetime and improvements in the electrolytic solu-

tion will also be required. Finally, practical FPD designs are required if LCL is to be used

as the light generation mechanism for displays.



CHAPTER 2

PULSED ANODIZATION / LUMINESCENCE

2.1 Introduction

Pulsed anodization (PA) is a technique developed at the University of Florida that

is useful for depositing native oxides on a variety of semiconductor laser materials. In this

chapter, an introduction to the theory and practice of PA is provided, including a descrip-

tion of the process which we have referred to as the "traveling oxide" phenomenon, in

which the oxide layer is recessed into the semiconductor material in a self-aligned manner.

The first application of PA to form submicron diffraction gratings is described and experi-

ments that were performed to determine the undercutting present in the PA process are

reported. As described in Chapter 1, an anomalous light emission mechanism in semicon-

ductor laser wafer material was observed during pulsed anodization (PA). In this chapter,

the initial observation and characterization of the pulsed anodization luminescence (PAL)

process are described. Based on spectral measurements of the PAL emission and model-

ing results, we determined that the source of PAL was electron-hole recombination in the

quantum well active region. Measurements of the temporal behavior of the PAL emission

(the relationship between the timing of the PA current pulse and the emitted light) were

used to develop a circuit model. We have used this circuit model to quantitatively

describe the changes in current flow and light emission both during anodic oxide forma-

tion and after the termination of oxide growth. Finally, experimental PAL results are com-

pared with theoretical results produced using the circuit model.

7
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2.2 Pulsed Anodic Oxidation (Anodization) Overview

Pulsed anodization (PA) is a technique developed at the University of Florida that

is useful for depositing native oxides on a variety of semiconductor laser materials. This

process has been used to fabricate low ridge height, wide stripe GaAs/AlGaAs lasers and

low ridge height, thin p-clad, narrow stripe InGaAs/AlGaAs lasers. It has also been used

to fabricate variable ridge height, narrow stripe GaAs/AlGaAs lasers [Grov94a],

[Grov94b], [Huds94]. A complete description of the theory and practice of pulsed anod-

ization can be found in the literature and will not be repeated here. However, in order to

understand the experiments reported in this work, it is necessary to review the basic fea-

tures of the pulsed anodization process.

As shown in Figure 2-9, PA is carried out by placing the semiconductor sample in

an electrolytic cell, where it is connected to the positive terminal of a pulse generator and

serves as the anode. The electrolyte used was a mixture of 40 parts ethylene glycol, 20

parts de-ionized water, and 1 part 85% phosphoric acid (GWA electrolyte) [Hasa76]. A

noble metal, in our case, a platinized titanium grid, is connected through a variable resis-

tor, Rva, and a 10 QZ resistor to the negative terminal of the supply and serves as the cath-

ode. We typically operate the pulsed power supply at maximum voltage and use the

variable resistor to control the current flow in the circuit. The current flow through the cir-

cuit is monitored in real-time by measurement of the voltage drop across the 10 92 resistor.

A high source impedance is used to cause the anodization to proceed under "constant cur-

rent" conditions [Ghan83]. For typical oxide growths, the voltage pulse width is 700 gs

and the value of Rv, is in the range of 2-5 k.4 resulting in current densities of -50 mA/
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Semiconductor Anode

Figure 2-1. Schematic of the experimental setup used for pulsed anodic oxidation
(anodization).

cm2. Utilizing these anodization parameters, oxide thicknesses on the order of 1000 A are

obtained in -5 minutes.

Measurement of the voltage drop across the 10 02 resistor on an oscilloscope pro-

duces oscilloscope traces similar to those shown in Figure 2-2. Snapshots of the trace are

shown at three times (t0, ti, t2). As the oxide becomes thicker, the pulse shape decays from

a top-hat shaped pulse to a pulse with an unchanged leading edge and a capacitively
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Figure 2-2. Representative oscilloscope trace during the pulsed anodization process.

reduced trailing edge. The pulse shape at t1 or t2 can be understood if one considers the

capacitive effect of the oxide layer. When the voltage pulse is first applied to the circuit,

current flows to charge the capacitor. Once the capacitor charges, the steady-state current

flow (0.5V/1092 for tj) is determined by the resistance of the cell including the oxide

layer. As the oxide thickens and increases in resistance (e.g. time t2), the steady-state cur-

rent flow decreases further. Additional details about the current pulse flowing in the 10 92

resistor, including the "negative" voltage measured after 800 gs in Figure 2-2 are dis-

cussed in section 2.7, where the PA circuit model is presented.

2.3 Traveling Oxide Phenomenon

One significant way that the PA process differs from traditional insulator deposi-

tion processes is that the semiconductor material is consumed during the oxide growth

process. For GaAs-based material systems, this material consumption process, combined



with the pulsed nature of the PA process, leads to a phenomenon that we have termed the

"traveling oxide" phenomenon. The physical process that produces a traveling oxide is

presented in Figure 2-3. Since the electrolyte used in the process is a mild etchant of the

native oxide, the oxide grows when the current pulse is on and dissolves when it is off.

This quasi-steady state of etching and growth allows for the formation of ridges with arbi-

trary height and oxides of arbitrary thickness up to about 2000 A. Of course, one can

achieve essentially the same result by a series of pulse anodization and oxide stripping

steps, the final stripping step being eliminated when the desired ridge height is achieved.

However, the simplicity and repeatability of the traveling oxide process makes it the pro-

cess of choice for various structures including ridgeguide formation. In this case, the self-

aligned nature of the pulsed anodic process is advantageous. Self alignment of the laser

stripe and the oxide is inherent in PA because the semiconductor material is consumed

during the traveling oxide formation process.

2.4 Pulsed Anodization for Diffraction Grating Fabrication

In addition to use of PA for current blocking layers in the variety of laser structures

already discussed, we have used pulsed anodization to fabricate sub-micron diffraction

gratings in semiconductor laser materials. We believe that this is the first report of theuse

of pulsed anodization to form such diffraction gratings. This section describes the holo-

graphic setup used for this demonstration, considerations related to photolithography and

optical alignment, the actual fabrication process, and the procedures used to characterize

the finished grating.
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Figure 2-3. Process flow for traveling oxide phenomenon. Due to the pulsed growth
and dissolution process, the oxide travels into the semiconductor material.
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Holographic Setup

Figure 2-4 is a drawing of the experimental setup used for holographic grating fab-

rication. A Spectra-Physics model 164-06 argon ion laser that emitted -100 mW of radia-

tion at 4579 A was used. The laser beam was aligned so that the beam height was equal to

the height of the spatial filters across the entire area of the optical table. The output from

the laser, polarized orthogonal to the plane of the optical table, was steered into a polariz-

ing beam splitter that divided the incident beam into two equal beams, forming the legs of

the holographic exposure system. The beam splitter was oriented so that the two beams

were perpendicular to each other and at 450 angles to a line connecting the beam splitter

and the sample holder. The beams were reflected off of mirrors and passed through New-

port model 900 spatial filters with 1oX microscope objectives. After the beams were

cleaned up by the spatial filters, the divergent beams were passed through collimating

lenses and interfered at the sample holder. The semiconductor samples were mounted on

the holder perpendicular to the table and held in place by a vacuum chuck. At the sample

holder, where the two collimated beams were interfered, a periodic variation in light inten-

sity was produced. As one can see from the inset plot in Figure 2-4, the grating spacing

for this configuration is determined by the angle between the normal to the-sample surface

and the incident beams (Ohd). Through photolithography and PA, this periodic variation

was transferred into the semiconductor samples.

Photoresist Considerations

When fabricating submicron grating features, the photoresist thickness is critical.

To be an effective mask for anodic oxidation, the photoresist must develop completely

through to the semiconductor surface. To reliably meet this requirement when fabricating
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Figure 2-4. Experimental setup for holographic grating fabrication. Optical table
was floated for stability.
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gratings with submicron periodicity, thin photoresist films are needed. In previous work,

1000 A photoresist films were used in the fabrication of a 2400 A period mask [Come74].

In order to obtain 1000 A photoresist films, I diluted Hoechst-Celanese AZ1350 photore-

sist with Shipley Thinner A. Alternating between the use of the photoresist spinner and

the Nanometrics NanoSpec/AFT microarea gauge, which is a thin film profiler, I added

thinner to the photoresist until photoresist films on the order of 1000 A were obtained. At

a ratio of approximately 3:1 (thinner:AZ1350), the photoresist thicknesses shown in Table

2-1 were obtained:

Table 2-1. Photoresist thicknesses as a function of spinner speed.

Spinner Speed Photoresist
(RPM) Thickness (A)

3000 1000

4000 900

Alignment Procedure for Holography Setup

The polarizing beam splitter was oriented to produce two beams of equal intensity

perpendicular to each other and at 450 angles to a line connecting the beam splitter and the

sample holder. This is shown in Figure 2-4.

In order to ensure proper beam alignment during holographic exposure, we used a

method that relied on the incident laser beams traversing opposite paths. The first step in

the alignment procedure was to align the tilt angle of mirror M1 so that it reflected beam A

in such a manner as to direct it along a path toward the sample holder at the desired holo-

graphic exposure angle, 0&1.. Proper alignment of this beam was critical as beam A was

used to align beam B. A glass slide coated with evaporated metal was placed on the vac-
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Figure 2-5. Alignment procedure for holographic grating setup.

uum chuck to allow for reflection at the sample holder. Because the desired outcome was

to have both holography beams incident at 0hot, the law of reflection:

sin0i = sinOr (2.1)

was used to obtain the alignment information for the beam in leg B. Tracing the path of

the reflected portion of beam A up toward mirror M2, the position of mirror M2 was

adjusted until the spot created on mirror M2 by the reflected beam A was aligned with the

spot created on mirror M2 by beam B coming toward mirror M2 from the beam splitter.

Finally, once the position of mirror M2 was fixed, the angle of mirror M2 was adjusted so

that beam B traced the reverse of the path taken by beam A. Therefore, the two beams

were traveling identical paths in opposite directions and O,, was equal for both exposure
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beams. The equality of the angles Oh%, was used in the simplification of Eq. 2.2 to obtain

Eq. 2.3 and the plot found in the inset in Figure 2-4.

The grating spacing was calculated using the following equation, which is a vari-

ant of the grating equation in reflection:

A = 71argon (2.2)
sin0 1 + sin 02

For the case in which the angles of incidence for the hologram are the same and

equal to 0hol, which was the setup we utilized, Eq. 2.2 reduces to

A = Xargon (2.3)
2 sinOhol "

This is the equation that was used for the plot found in the inset in Figure 2-4.

Grating Fabrication Procedure

Using the holographic setup already described, samples with thin photoresist were

mounted on the vacuum chuck and exposed with a grating pattern. Using the available

output of the ion laser (-100 mW), the power in each leg of the holographic system was

-35 mW/beam after cleanup in the spatial filters. The diameter of the collimated beam

was -3 cm. Exposure times were varied and 30 seconds was found to be optimum. This

value reliably produced a 50% duty cycle pattern in the photoresist that was observed

using an optical microscope at large grating spacings. After exposure, the sample was

developed in Hoechst Celanese AZ®312 MIF developer (diluted 1:1.2) for 30 seconds.

The sample, now with patterned photoresist, was rinsed in DI H20 and dried with N2.

To transfer the periodic pattern from the photoresist to the semiconductor sample,

the sample was placed in the anodization setup and anodized at -50 mA/cm 2 (accounting

for the 50% duty cycle of the photoresist) for 7 minutes. This anodization produced an

oxide that was light blue in color. After the oxide growth process, and while both the pho-
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toresist and the oxide grating were present on the surface of the laser wafer, the argon ion

laser was used to verify grating definition as described in the next section.

In order to verify that the anodization had transferred the grating pattern into the

semiconductor sample, acetone was used to remove the photoresist and the grating spac-

ing was again measured. Finally the oxide layer was removed using a dilute KOH solu-

tion. Although the native oxides formed by PA are stable in a number of typical

processing solvents (trichloro-ethane, acetone, and methanol), they are easily dissolved in

a basic DI H20:KOH solution (pH - 12).

Grating Characterization

In order to characterize the diffraction gratings after fabrication, we utilized the

argon ion laser as a probe beam and the grating equation in reflection:

sinOi + sin0q = qkargon (2.4)
A (

where 0i is the angle of incidence, 0q is the angle of the q-th diffracted order, q is the dif-

fracted order number, Xargon is the wavelength of the argon ion laser beam (4579 rnm),

and A is the grating spacing. Measuring the angles of incidence and diffraction, we calcu-

lated the grating spacing, A. For example, for gratings made with 0 hoI = 450,

A = 0.32 pm. The grating spacing can be verified by setting the angle of incidence at

70' and measuring the angle of diffraction for the first order, which turns out to be 27' as

shown in Figure 2-6.

2.5 Pulsed Anodization Undercutting Experiments

In defining stripes using pulsed anodization, accurate knowledge of the stripe

width is always a useful and sometimes critical component of the design process.

Although this information is less than critical for gain guided or wide stripe lasers, it is
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q=7
00 r270 70 A= 1 - 0.4579 gm

q=0 incident A = sin (700) + sin (270)

Abeam = 0.32 .m

Figure 2-6. Characterization of the diffraction grating spacing, A, by measurement

of the angles of incidence and diffraction.

important for the design and fabrication of ridgeguide lasers using pulsed anodization.

For ridgeguide lasers fabricated using pulsed anodization, the existence of undercutting

has been predicted [Huds94I. However, neither the existence of the proposed undercut-

ting or the determination of the aspect ratio has been determined for PA. Although the

exact determination of these undercutting parameters has not been fully determined, some

initial experiments were conducted to provide initial understanding of the undercutting

issue.

In a preliminary experiment to characterize the amount of undercutting, if any,

samples were prepared with both ridgeguides and isolation grooves. A schematic diagram

of the ridgeguide mask is shown in Figure 2-7 and a schematic of the i~olation groove

design is shown in Figure 2-8.

Photoresist
100 gm 50plm 10 .m 5 gm

iGaAs substrate diga f
Anodized areas

Figure 2-7. Schematic diagram for ridgeguide undercutting experiment.
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Photoresist

Anodized areas

Figure 2-8. Schematic diagram for isolation groove undercutting experiment.

Two repolished GaAs substrate samples were prepared, one with the ridgeguide

pattern and one with the isolation groove pattern. After the completion of photolithogra-

phy, both of the samples were cleaved into two sections. One of the ridgeguide samples

and one of the isolation groove samples were anodized for five minutes to provide a base-

line for measurements. This anodization time was chosen because it is the minimum time

required in our typical anodization processes and any undercutting that occurs during this

short time will be unavoidable in typical processes. It should be noted that minimal

undercutting is expected for this short time and the resulting oxide depth of -1200 A. The

two remaining samples were anodized for 60 minutes. During anodization, the color of

the oxide was monitored and the current density was adjusted to produce light blue oxide

layers (-1200 A). Table 2-2 presents the data collected using a calibrated optical micro-

scope for all four samples.

For the ridgeguide structure, there was not enough undercutting to measure it accu-

rately with an optical microscope. Therefore, an SEM will be required to provide useful

data for the ridgeguide structure.

For the isolation groove structure, the results were significantly different. Most

noticeable is that the amount of undercutting was significant for all isolation groove

widths, as the grooves widened measurably in each case.
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Table 2-2. Undercutting experiment results for ridgeguide and isolation groove structures.

Ridgeguide Width (.m) Isolation Groove Width (im)

5 Min. PA 60 Min. PA 5 Min. PA 60 Min. PA

5 3.6 5 8.8

10 9.1 10 13.2

20 24

50 54.3

The differences in undercutting for the two structures need to be examined and

understood. Further development in this area will allow for ridgeguide designs that accu-

rately account for undercutting during the design phase.

2.6 Pulsed Anodization Luminescence (PAL)

The first materials used in the development of PA here at the University of Florida

were GaAs-based laser materials. Emission wavelengths for these materials are in the

near infrared, typically 800-1000 nm. As a result, no notice was made that light was emit-

ted during the anodization process. As the anodization process was extended to new mate-

rials, work was begun on the growth of native oxides by PA for use as current blocking

layers in (A1Ga)0osInO.5P visible laser wafers. These laser materials were developed for

applications including laser printing and HeNe replacement [Bour94].

During the PA of these visible laser wafers, it was observed that light was emitted

from the laser wafers during the anodization process. The source of the emission and its

relationship to the pulsed electrochemistry of the anodization cell was not clearly under-

stood until recently [Larg95b]. This section focuses on the observation and characteriza-

tion of pulsed anodization luminescence (PAL), an anomalous light emission mechanism

observed for the first time in this material system. Measurements of the spectral and tem-
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poral characteristics of light emitted from the laser wafers during the PA process are pre-

sented and explained.

PAL - Initial Observation and Experimental Setup

During the use of PA to form current blocking layers for (AlGa)0.5Ino.P laser

wafers, two students, Doug Hudson and Mike Grove, happened to be operating the anod-

ization setup in low light conditions and observed that red-colored light was emitted from

the laser wafer surface during the PA process. Although there have been reports of visible

emission from porous silicon during anodic oxidation with a constant voltage source

[Mull93], [Bill91], we believe this is the first report of light emission from porous silicon

during a pulsed anodic oxidation process. We refer to this emission as pulsed anodization

luminescence (PAL).

The setup used for PAL experiments was the same as that used for pulsed anodiza-

tion, as shown in Figure 2-9 except for the addition of a spectrometer or photodetector to

monitor the light output. One of two voltage sources, an HP214A or an HP214B pulse

generator, were used with similar results during the experiments. The solution, electrodes,

and pulse generator were connected in series with a small (10 Q) resistor, which was used

to monitor the current in the circuit, and a large variable resistor (R), which was used to

control the current density (see Figure 2-1). For typical oxide growths, the voltage pulse

width is 700 jis and the value of Rr is in the range of 2-5 k.Z resulting in current densities

of -50 mA/cm2 . Utilizing these anodization parameters, oxide thicknesses on the order of

1000 A are obtained in -5 minutes. For spectral measurements, an EG&G Princeton

Applied Research Optical Multichannel Analyzer (OMA) was used. The temporal charac-

teristics and intensity of the light emission from the wafer were detected using a silicon
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PIN photodetector. The current pulse shape and the photodetector output were monitored

on an oscilloscope.

PAL - Spectral Characteristics

In this section, measurements of the spectral profiles obtained by PAL, photolumi-

nescence, and computer modeling are compared. Based on these spectral profiles and a

comparison performed using two visible laser wafers, we have determined that the source

of the PAL emission is the QW active region. Figure 2-9 is a schematic diagram of the

(AlGa)0.5Ino.5P semiconductor laser wafer (#428) used for these PAL experiments. The

laser wafer was grown by MOCVD at Xerox Palo Alto Research Center (PARC) by Dr.

David Bour.

GaAs p+ cap (500 A)

_p-type Gao.5Ino.5P
layer (750 A)

Al0.5 no5P
p-cladding layer (0.9 i~tm) Gao.6no.4P Etch Stop

~Al03Ino.5P

(Al 0 6Ga 0 4)0lnOs5P (1250 A) p-cladding layer (0.2 jim)

- Gao.4Ino.6P QW (50 A)
(Al0.6Gao.4)0.5n.sP (1250 A)

Alo.5Ino_5P
n-cladding layer (1 pim) GaAs buffer (500 A)

GaAs n-substrate
tilted 100 from

(100) toward (l11)A

Figure 2-9. Schematic of (AlGa)0.5Ino.P semiconductor laser wafer (#428) used for
pulsed anodization luminescence (PAL) experiments.
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Figure 2-10 presents emission spectra obtained during PA and photoluminescence

(PL). The PAL spectrum, which is offset below the PL profile for comparison, is similar

in shape to the PL profile, which was taken at Xerox PARC [Larg94]. The PAL spectrum

was obtained by imaging the emission from the epitaxial surface of the wafer into the

OMA. For ease of comparison, both profiles were normalized to the same peak intensity

and are plotted on the same wavelength scale. The peak emission wavelengths for both

PAL (650 rum) and PL (649 rim) are blue-shifted with respect to the lasing wavelength

(665 nm) of devices fabricated from the wafer. The similarity of the two profiles extends

to the asymmetric high-energy tail characteristic of spontaneous emission. The strong

correlation between these spectra lead to the conclusion that the source of the PAL emis-

sion is the QW active region.

Using electron-hole plasma theory, spontaneous emission profiles were calculated

for the laser wafer used in this experiment. Figure 2-11 shows the calculated spectrum.

One can see that the profile is similar to the profiles obtained from PL and PAL. This cor-

relation between theory and experiment provided additional confirmation that the source

of PAL emission was the QW active region.

According to the electron-hole plasma model [Zory93], the spontaneous emission

rate per unit volume in a given energy range is calculated by multiplying the downward

transition rate per unit volume by the number of optical modes in the energy range

d(hv) :

r.,P (hv) d (hv) =WC~ _4[,(Vpopt (hv) d (hv)]

- 2  
21Mavl 2Pred (Eeh - Eg,) popt (hv) fc (1 - fv) (2.5)

n
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PL Spectrum

PAL Spectrum

600 650 700

Wavelength (nm)

Figure 2-10. Pulsed anodization luminescence (PAL) and Photoluminescence (PL)
spectra for (A1Ga)o.51no.5P semiconductor laser wafer.
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Figure 2-11. Calculated spontaneous emission spectrum for GaInP QW with
Eg-1.833 eV and QW width=50 A.

where pov(hv) is the reduced density of states:

2 2-Pot('):Pk (kopt) k 2optdkopt n9'(v

dE 2n 2 dE X-. (lIc) 3
dk opt

and JM ,g,2 is the matrix element averaged over all three directions:

IMaveI 2  2IMrl2 (2.7)

Substituting into Eq. 2.5,

2-r,, (h) -47ce2 n2 e V 28
2he 3 21 (hv)Prfc(1

I~c mo

Combining the three polarizations, the average matrix element can be written:

jM '2v = 2 1 IT2
I,.1 2 2 IMI'2 + !IM I. (2.9)I' 'ave 3 Tm
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The two terms for the TE polarizations are for transitions from the conduction

band to the heavy hole and from the conduction band to the light hole:

IMTI2E 2M2rr= 1 (1 + o2O) frCH

IMI2 +cos 0..) for C-HH (2.10)
1 3O20)

= (5-3cos for C-LH

For the TM polarization,

IMTI~M 2

1M12  =1 -cos 0, for C-HH (2.11)1 2
1+cos 20z for C-LH

In both cases,

M = -1 _1J 9-- ,mo E and
M* 2(E A) g

3 (2.12)

2 =Er, nz + Ev, nz
hv-Eg

where, Er, nz is the difference between the bottom of the electron quantized subband and

the conduction band edge and Ev, nz is the energy difference between the bottom of the

hole quantized subband and the valence band edge.

Intraband relaxation plays an important role in the optical spectrum produced by

quantum well lasers. The spectral shape becomes smooth and broad despite the sharp

step-like density of states characteristic of a quantum well. The spontaneous emission

coefficient as a function of photon energy including the effects of intraband relaxation is

expressed as

R V (hv) = FS r3 (E,,) L (hv - E,, ) dEe,, (2.13)
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where L (hv - E,,) is the line broadening function characterizcd by the intraband relax-

ation phenomenon. Often, a Lorentzian distribution is used for this convolution. How-

ever, in the case of QW lasers, the Lorentzian lineshape function is not accurate. Our

group has developed a computer model which, based on fundamental processes, provides

accurate results for the convolution in Eq. 2.13 [Youn95]. This computer program was

used for the spontaneous emission profile shown in Figure 2-11.

In addition to confirmation from PL and modelling results, an additional confirma-

tion that the source of the PAL emission was the QW active region was a comparison we

made using two visible laser wafers with slightly different epitaxial structures. Wafer

#428 with the structure shown in Figure 2-9 was compared with wafer #431, which had an

identical epitaxial structure expect for a wider quantum well. Due to the difference in QW

width, the lasing wavelengths of the lasers were different by -25 nm. Because these laser

wafers differed only in QW width, we expected that the PAL emission from the wafers

would be blue-shifted from the respective lasing wavelengths the same amount for both

wafers. Table 2-3 is a summary of the data collected by both PAL and PL, and the peak

wavelength for laser operation for both wafers. The consistency of the blue-shift led us to

the conclusion that the QW was, in fact, the source of the PAL emission.

Table 2-3. Peak wavelength data for Pulsed Anodization Luminescence (PAL),
Photoluminescence (PL), and lasing.

PAL Data PL Data LaserPeakWafer 7t(nm)Peak X (nm) *l:A (am) Peak X (nm) A2 (nm) X (nm)

428 650 15 649 16 665

431 672 .18. 670 20... 690
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PAL - Temporal Characterization

In order to better understand the light emission mechanism, we examined the rela-

tionship between the current pulse and light output pulse. When the pulsed anodization

process is first initiated, no light is emitted from the semiconductor material. As oxide

growth progresses, changes occurring in the shape of the current pulse correlate with

changes in the intensity and timing of the light emission as shown in Figure 2-12. This

figure is a trace of an oscilloscope waveform with the current pulse measured across the

10 92 resistor shown in Figure 2-12 (a), and the output from the photodetector displayed in

Figure 2-12 (b). An actual oscilloscope trace is shown in part (c) of the figure. The solid

and dashed lines correspond to data taken at approximately 2 and 5 minutes after oxide

growth began, respectively. As can be seen in Figure 2-12, the current pulse flowing

through the 10 Q resistor changes significantly during the oxide growth process.

Due to changes in resistance and capacitance as the oxide forms, the pulse, as mea-

sured across the 10 K2 resistor, develops a reduced trailing edge and a significant "nega-

tive" current after the applied voltage returns to zero. As the oxide thickness increases, the

negative current increases in magnitude, the peak intensity of the light emission increases,

and the time delay between the end of the positive voltage pulse and the onset of light

emission decreases. As the oxide layer reaches its final thickness, the negative current sta-

bilizes and both the intensity and delay of the light emission stabilize. Although the corre-

lation between the magnitude of the negative current pulse and the peak intensity and

timing of the light emission is apparent, section 2.7 will explain that, in fact, the negative

current is not the diode injection current that results in light emission, a result one would

expect considering the long delays observed.
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Current Pulse 2 minutes

(a) Time

Photodetector
Response

- 2 minutes

5 minutes

(b) Time

(c)

Figure 2-12. Schematic diagrams of (a) current pulse and (b) photodetector response
at 2 minutes (solid line) and 5 minutes (dashed line) after initiation of PA. Mea-
sured oscilloscope trace (triple exposure) is shown in (c).

2.7 PAL Circuit Model

In order to improve our undecrstanding of the electrical and optical processes

occurring during the PAl. process, ain equivalent circuit model useful for simulating the
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electrical processes was developed [Wide96]. Using this model, we have improved our

original qualitative explanations of the temporal behavior of the PAL emission process to

include quantitative modeling of the electrical and optical emission processes which occur

during PAL. The schematic diagram of the equivalent circuit model developed for PAL is

shown in Figure 2-13.

Cox

CdI 
.

Rsod~n Rf 
D iode j ,h10o

Figure 2-13. Schematic diagram of the PAL circuit used for circuit simulations.

Moving from the left to the right in the figure, the pulse generator provides a bias

to the anodization setup. The variable resistor, which is used to externally control the cur-

rent flowing in the circuit is connected in series with the circuit elements that reside in the

beaker: the resistance of the electrolytic solution, the double layer formed at the semicon-

ductor/electrolyte interface, and the semiconductor wafer. Current flow through the exter-

nally accessible portion of the circuit is measured using an oscilloscope, which measures

the voltage drop across a 10 Q resistor. Values for the various circuit elements were deter-

mined using conventional circuit analysis techniques and data from previous research

[Wide96]. Given these values, various conditions were modeled using PSPICE, a circuit

simulation model.
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A qualitative understanding of current flow in the PAL equivalent circuit and the

resulting light emission may be obtained by examining Figure 2-14. When the pulse gen-

erator applies a voltage, V., , to the circuit as shown in Figure 2-14 (a), current flows in

the direction indicated by the arrows. This current flow results in the charging of capaci-

tors Cdt and C,,. During this time, the diode is under reverse bias and no light is emitted.

As the capacitors become fully charged, the system current monitored via the 10 Q resis-

tor decays to its steady-state value. When the pulse from the pulse generator turns off, it

effectively shorts that portion of the circuit. As shown in Figure 2-14 (b), the capacitors

begin to discharge, resulting in the "negative" current observed on the oscilloscope

through the 10 0 resistor. Since Cox takes a finite time to discharge and it is in parallel

with the diode, the diode initially remains in reverse bias despite the reversal in the general

direction of current flow. This is the source of the delay between termination of the input

pulse and the onset of light emission. Finally, as shown in Figure 2-14 (c), once C,, dis-

charges sufficiently, the diode is forward biased, and light is emitted as hole-electron pairs

recombine in the quantum well active region. One should note that the delay in light

emission is not due to a delay between the injection of current into the active region of the

semiconductor laser material, for these delays are much shorter than those Ineasured here.

As the oxide layer increases in thickness, the value of C,,, decreases, resulting in a pro-

gressive decrease in discharge time, which leads to shortening of the temporal delay

between the trailing edge of the anodization pulse and the onset of light emission.

Figure 2-15 shows calculations of the currents flowing in the 10 0 resistor and the

p-n junction diode inside the laser wafer as a function of time. Figure 2-15 (a) shows the

calculated currents flowing at the beginning of the pulsed anodization process. The oxide
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Cox

CdI.

(a)

Diode

loci

(b)
Cox

CdI

I Rf 100

(c)

Figure 2-14. Circuit diagrams useful for explaining the current flow during PAL. (a)
Charging of capacitors occurs during oxide growth. (b) Capacitors partially dis-
charge after growth pulse ends. (c) Light is emitted as the double layer capacitor
fully discharges.
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(c)
Figure 2-15. Modeling results for the 10 Q2 resistor current and the diode current as a
function of time. Different profiles correspond to increasing anodic oxide thickness,
t.,: (a) 100 A, (b) 500 A, and (c) 1000 ,A.
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layer in this case is assumed to be 100 A thick, with a corresponding resistance of 334 Q

and a capacitance of 192 nF. The current flowing through the 10 Q resistor is labelled as

ilu and the current flowing through the diode is labelled idio,. As the oxide growth pro-

cess progresses, the anodic oxide grows thicker, resulting in an increase in the oxide resis-

tance and a decrease in the oxide capacitance. Figure 2-15 (b) and (c) show the current

traces calculated as these parameters changed during oxide growth. An examination of the

experimental data shown in Figure 2-12 and the calculated profiles shown in Figure 2-15

demonstrates close agreement between theory and experiment.

2.8 Post-oxide Growth PAL - Comparison using Experiments and Modeling

We have previously demonstrated that the PAL circuit model accurately describes

the experimental PAL data during oxide growth with regard to the changes in the current

flowing through the 10 Q resistor and the diode current, which produces the observed light

emission. An additional task of the modeling effort was to determine if the model would

accurately reproduce measurements obtained after the oxide growth process had termi-

nated. Three experiments were performed in which the anodization pulse width was var-

ied after the oxide growth process had terminated. We observed that as the pulse width

increased, the delay between the end of the post-oxide growth current pulse and the onset

of light emission decreased and eventually saturated. Additionally, we examined the rela-

tionship between emission intensity (integrated spectral counts) and the post-oxide growth

pulse width for two different anodization configurations. Using the models developed in

the previous section, we were able to perform comparisons between this post-oxide

growth experimental data and modeling results.
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Several types of data are presented in this section, including trailing edge ampli-

tude and integrated spectral counts. Examining the voltage pulse in Figure 2-2, the ampli-

tude of the leading edge (0.83 V) and the trailing edge of the pulse can be specified at any

given time. For example, at to, the amplitude of the trailing edge is equal to 0.66 V and at

t1, it is equal to 0.5 V. Since this voltage is measured across a 10 Q resistor, the conversion

to current is straightforward. The amplitude of the trailing edge current decreases as the

oxide thickness increases and eventually saturates. Values obtained for the amplitude of

the trailing edge as a function of pulse width will be presented below. The other PAL data

that is presented below is referred to as the integrated spectral counts, which is a measure

of the amount of light emitted from the sample. This value is obtained as follows: the PAL

emission was imaged into the slit of an optical multichannel analyzer (OMA) and spectra

were obtained; the total number of counts registered on the OMA under the spectral enve-

lope were integrated to obtain the value for integrated spectral counts.

Additional data is presented in this section that was collected using an oscilloscope

during the PAL process. In the pictures of the oscilloscope screen, the current flowing

through the 10 KI resistor is shown in the top trace. The bottom trace represents the

response of the PIN 10-D photodetector. In all four of these pictures, the scale of the hor-

izontal axis is 200 gis per division.

Emission Delay vs. Pulse Width

Although the emission intensity and delay stabilize as the oxide growth process

terminates at a final oxide thickness, variation of the anodization parameters (pulse width,

applied voltage, and R,,) after the current pulse stabilizes results in changes in the peak

emission intensity and the delay between the end of the anodization pulse and the onset of
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light emission. For example, as the width of the anodization current pulse, which is nom-

inally 700 pts during anodization, is increased from 200 )is to 4000 4ts, the delay from the

end of the positive current pulse to the beginning of light emission decreases from over

200 pts to less than 30 gs. Four oscilloscope traces that are representative of the decrease

in delay to the onset of emission and the increase in peak emission intensity as the pulse

width is increased are shown in Figure 2-16 and Figure 2-17. In all these pictures, the

oxide thickness had reached its final value before the pulse width was varied and this data

was collected.

Figure 2-18 is a plot of the measured delays to the onset of emission as a function

of pulse width. We observed that the delay began to saturate for pulse widths greater than

2000 pts.

PAL for Electrically Isolated Sample

Two samples were prepared with different contact schemes to study the impact of

electrical isolation of the p-side of the wafer on PAL. Contact to the first sample was

made using the contact scheme shown in figure 2-19. In this contact scheme, the n-surface

and the edges of the semiconductor wafer were isolated from the electrolyte using a mask.

In this way, current was only allowed to flow through the p-surface of the-semiconductor

wafer. Figure 2-20 is a plot that displays the amplitude of the trailing edge current on the

left ordinate axis and the integrated spectral counts on the right ordinate axis. This data

was collected once the oxide growth and PAL emission had saturated. Care was taken

during this experiment to guarantee that the oxide thickness remained at -1000 A as the

pulse width was varied. In order to maintain the oxide thickness at -1000 A, the pulse

width was increased to 1000 pts after the emission data at each pulse width was collected.
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(a)

(b)

Figure 2-16. Oscilloscope traces obtained during PAL. The top curve on the trace
shows the current flowing in the 10 Q resistor as a function of time. The bottom
curve on the trace shows photodetector response as a function of time. (a) Pulse
width = 200 ts. (b) Pulse width = 400 ps.
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(a)

(b)

Figure 2-17. Oscilloscope traces obtained during PAL. The top curve on the trace
shows the current flowing in the 10 D resistor as a function of time. The bottom
curve on the trace shows photodetcctor response as a Function of time. (a) Pulse
width = 800) jis. (h) Pulse widthI 1000 P's.
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Figure 2-18. Experimental data for the delay from the end of the anodization pulse to
the onset of light emission as a function of pulse width. The final oxide thickness
was reached before the pulse width was varied.

Data was taken as explained above and the amplitude of the trailing edge current and inte-

grated spectral counts are shown as a function of pulse width.

Examining Figure 2-20, one can see that the amplitude of the trailing edge current

decreases rapidly as the pulse width is increased and saturates for pulse widths longer than

300 pts. At the same time, the integrated spectral counts increases and also saturates for

pulse widths longer than 300 ps. We conjecture that the current pulse saturates as the

capacitors become fully charged and thus an upper limit is placed on the light generating

capability of PAL. It is also evident from the plot that there is a pulse width threshold for

PAL emission, i.e. the anodization pulse width has to exceed a certain length before light
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Figure 2-19. Side view of the contact scheme used for PAL testing with the n-surface
and the edges of the semiconductor wafer isolated from the electrolyte. The electro-
lyte is contained in a beaker.
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Figure 2-20. Amplitude of the trailing edge current and integrated spectral counts vs.
pulse width for a PAL sample with the back of the wafer isolated from the electro-
lyte.
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is emitted. This feature will be discussed at the end of this section when modeling results

are presented.

PAL for Electrically Exposed Sample

Contact to the second sample was made using the contact scheme shown in Figure

2-21. The p-surface of the semiconductor laser wafer sample was masked with photoresist

and was partially submerged in a beaker containing GWA electrolyte and a platinized tita-

nium grid. The n-surface and the wafer edges were not masked and were exposed to the

electrolyte.
Tweezers

Semiconductor
Laser Wafer

Platinized GWA
Titanium Electrolyte

Grid

I Vmask

n-type p-type

Figure 2-21. Side view of the contact scheme used for PAL testing with the n-surface
and edges of the semiconductor wafer exposed to the electrolyte. The electrolyte is
contained in a beaker.

Figure 2-22 is a plot of the amplitude of the trailing edge current vs. pulse width

for the sample with the n-side and edges exposed to the electrolyte.

Differences between this data and data obtained with the previous contact scheme

are evident. The saturation behavior for both the amplitude of the trailing edge current
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Figure 2-22. Amplitude of the trailing edge current and integrated spectral counts vs.
pulse width for a PAL sample with the back of the wafer exposed to the electrolyte.

and the integrated spectral counts is not as pronounced as before. Additionally, the mini-

mum amplitude of the trailing edge current is much greater for this case, in which a travel-

ing oxide is formed on the n-side of the wafer. Finally, the pulse width threshold is greater

in this case, most likely due to the anodization current flowing through the n-side of the

wafer.

Modeling of Light Emission and Delay

Modeling was performed to determine if the model developed in section 2.7 would

reproduce the experimental results obtained by varying the anodization pulse width after

the oxide growth process had terminated. The oxide thickness was fixed at 1000 A and

simulations were run in which the pulse width was varied from 70 gts to 2000 pts. Figure

2-23 shows the results of these simulations.
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Figure 2-23. Delay to onset of light emission and integrated diode current vs.
pulse width. Oxide thickness was fixed at 1000 A.

On the left axis, the delay from the end of the anodization pulse to the onset of

light emission is plotted vs. pulse width. The delay drops quickly as the pulse width is

increased and saturates when the pulse width exceeds 1000 ps. This behavior compares

favorably with the experimental results shown in Figure 2-18. Although the saturation of

the experimental delay occurs at a lower delay level and around 2000 11s, the trend is

closely followed. On the right axis, the estimated area under the diode current is presented

vs. the pulse width. The variation in the integrated diode current data results from the fact

that the PSPICE program used to model the circuit produces only current traces and there-

fore, the integration was performed manually. Because the diode current produces the

light emission, this integrated current should correlate with the integrated spectral count
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presented in Figure 2-20. In fact, there is a strong correlation between these two plots, as

the integrated current rises sharply and saturates at longer pulse widths.

Finally, in the plot of integrated diode current vs. pulse width, the pulse width

threshold previously discussed is evident. Although this behavior is not fully understood,

it is possible that this experiment may be useful to electrochemists in determining the for-

marion time for the double layer.

In conclusion, the circuit model developed to improve our understanding of the

PAL process served its purpose. It allowed us to extend our understanding of the PAL pro-

cess from qualitative descriptions to quantitative calculations. Not only did it reproduce

the characteristics seen during the PA process, but it correctly reproduced data collected

by varying the anodization pulse width after the oxide growth process had terminated.



CHAPTER 3

LIQUID CONTACT LUMINESCENCE

Recently, during experiments related to the fabrication of visible semiconductor

lasers, we have developed a novel technique that generates bright emission from semicon-

ductor wafers using a liquid contact. Using this technique, diode laser material can be for-

ward biased using a liquid electrolyte to contact the standard p -cap layer [Zory95]. We

have named this technique, liquid contact luminescence (LCL). LCL has proven to be

useful for material characterization and shows potential for diagnostic and display appli-

cations. We believe that LCL is new as both an optoelectronic wafer characterization

technique and as a photoelectrochemical technique. In this work, the liquid electrolyte

was transparent or semitransparent to the spontaneous emission emitted from the buried

quantum well (QW) active layers so that one could easily measure the spectrum of the

emitted light as a function of current through the wafers. As a consequence, one can use

this LCL technique to measure wafer qualities such as peak emission wavelength, spectral

linewidth and relative light emission capability versus current density. Additionally, LCL

can be used to determine relative values of internal quantum efficiency (Wh) for laser mate-

rial.

In this chapter, the results of a literature search on liquid contacts to semiconduc-

tors demonstrate that LCL is the first work to utilize liquid contacts to electrically excite

semiconductor materials with p-n junctions, opening up new avenues for material charac-

terization and new opportunities for luminescent applications. The fundamental processes

46
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occurring in LCL are explained including current injection at the semiconductor elec-

trode-liquid electrolyte interface. Experiments demonstrating that LCL is a Lambertian

source and that LCL occurs during pulsed anodization of the n-type wafer substrate in cer-

tain contacting configurations are reported. Finally, some applications of LCL are intro-

duced.

3.1 Literature Search Results

Liquid contacts have been used extensively by electrochemists [Kova92]. Liquid

contacts to semiconductors have been used to fabricate liquid junction solar cells, to study

the semiconductor electrode-liquid electrolyte interface, and to make electrical contact to

porous silicon. Much of this research was performed in the early 1970s when interest in

solar energy conversion produced significant development in the area of liquid junction

solar cells, often referred to as photoelectrochemistry. These photoelectrochemical cells

have some common links to photoelectric solar cells. Solar energy is absorbed and results

in the generation of electron-hole pairs. Utilizing a built-in bias in the semiconductor, the

electron-hole pairs are separated and used to generate useful current flow that is delivered

to elements outside the electrochemical cell. Applications of these concepts to LCL will

be covered in Chapter 5.

Based on the literature about photoelectrochemistry and liquid junction solar cells,

we expected that some researcher would have used liquid contacts to study solid state pho-

toelectric solar cells. Instead of operating the solar cell in the usual manner of absorbing

light and producing current, it would be possible to contact the solar cell with a liquid

electrolyte and characterize the cell by injecting current and measuring the light output.

There has been a report of the use of electroplated contacts to perform electroluminescent
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characterization of p-n junction solar cells using transparent contacts [Turn79]. In this

work, the researchers found that electroluminescence was an effective diagnostic tool for

characterizing polycrystalline solar cells. In fact, they found that the intensity and unifor-

mity of the electroluminescent emission from forward-biased cells was correlated with

improved photovoltaic response. However, we found no reference in which this technique

was extended to the use of liquid contacts with p-n junction material for the purposes of

light generation.

In investigating the semiconductor electrode-liquid electrolyte interface, both pho-

toluminescence and electroluminescence have been used as characterization techniques.

Experiments have used the luminescence produced at the interface to study surface modi-

fications and coating, as well as interfacial energetics including surface minority carrier-

capture velocities. Additionally, determination of flat band potentials and the types of sur-

face states present at the interface have been accomplished. In this early work, the focus

was placed on the chemistry of the semiconductor/liquid interface and was not extended to

include processes occurring in the active region of p-n junction devices. In using these

techniques, researchers have been only interested in recombination of electron-hole pairs

occurring at the interface. In fact, we have found no reference in which -liquid contacts

were used with p-n junction semiconductor material. Because the recombination in these

experiments is occurring at the semiconductor electrode-liquid electrolyte interface, it is

claimed that use of the electroluminescence technique can only produce low quantum

yields (10-4 - 10-5) [Kova92]. In fact, the poor efficiency of light emission due to recom-

bination at the surface of the semiconductor can be overcome if the recombination occurs

at a p-n junction inside the semiconductor material.
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Additionally, liquid contacts have received the attention of researchers in the field

of light emission from porous silicon [Mull93]. In an attempt to make electroluminescent

devices, liquid contacts have been utilized to provide a means of current injection into a

material in which the fabrication of standard electrical contacts is difficult. The poor lumi-

nescent efficiency and brightness of porous silicon devices are issues which still require a

considerable amount of research. As with the earlier work on electroluminescence at the

semiconductor electrode-liquid electrolyte interface, a significant difference between the

work related to porous silicon and the work reported here is that in the case of LCL, the

electron-hole recombination occurs inside the epitaxial structure of the semiconductor

material at the p-n junction. Therefore, in LCL, we utilize well developed semiconductor

laser material systems in which the emission mechanisms are well understood and highly

efficient. The considerable developments in metal organic chemical vapor deposition

(MOCVD) and molecular beam epitaxy (MBE) that have made the epitaxial growth of

high quality laser wafers routine can be utilized, allowing us to focus on other technical

issues.

Therefore, based on our review of the pertinent literature, we believe that this is

the first work to utilize liquid contacts to electrically excite semiconducto:materials with

p-n junctions. This use of liquid contacts opens up new avenues for material characteriza-

tion and new opportunities for luminescent applications.

3.2 Liquid Contact Luminescence Process

The schematic diagram of the circuit used to generate pulsed LCL is shown in

Figure 3-1. This electrochemical setup is similar to that used in PAL experiments as

described in Chapter 2. A by-product of the LCL process using the GWA electrolyte is the
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Figure 3- 1. Schematic of the experimental setup used for pulsed liquid contact lumi-
nescence (LCL). The cathode had an epitaxial structure similar to that shown in Fig-
ure 3-4.

electrolysis of water as will be seen in the following paragraphs. Because it was the first

electrolyte used in the LCL experiments, the LCL process using the GWA electrolyte will

be described here.

The semiconductor laser wafer is placed in an electrochemical cell as the cathode.

A platinized titanium grid is used as an anode and a pulsed or cw voltage is applied to the

cell by a pulse generator or DC power supply. When voltage above a certain level is

applied to the cell, light is emitted from the semiconductor wafer. In the pulsed LCL case,

shown in Figure 3-1, the voltage drop across a 10 02 resistor is measured using an oscillo-

scope and the current flowing in the circuit is then calculated. In the cw LCL case, shown
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Figure 3-2. Schematic of the experimental setup used for cw liquid contact lumines-
cence (LCL). The cathode had an epitaxial structure similar to that shown in Figure
3-4.

in Figure 3-2, an ammeter is used to measure the current flowing in the circuit. In both

cases, a spectrometer facing the p-type surface of the wafer measures the spectrum of the

light coming through the wafer surface.

As shown in Figure 3-3, positive hydrogen ions are attracted to the p+ surface of

the semiconductor when voltage is applied to the cell. In order for current to flow, these

hydrogen ions capture electrons from the p+-cap layer, thereby creating holes in the

valence band. Since this process is essentially hole injection into the pt-cap layer, the liq-

uid electrolyte serves as an electrical contact. Meanwhile, as shown in Figure 3-4, elec-

trons are injected into the n-substrate from the n-contact. The injected holes and electrons
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Figure 3-3. Basic LCL current injection mechanism using aqueous electrolytes.
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Figure 3-4. Electron and hole injection into a QW laser wafer using LCL.
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then drift toward the QW layer where some fraction of them recombine. If we define this

fraction to be the internal quantum efficiency Tli, then rj is the QW recombination current.

Measurement of internal quantum efficiency will be discussed in section 4.2.

Another way to look at the current flow process is to use energy band diagrams.

Figure 3-5 is a band diagram showing the current flow mechanisms active in LCL. As

before, electrons are injected from the negative terminal of the power supply into the con-

duction band of the semiconductor (n-type region) on the left of the figure. Moving to the

right in the figure, we know that radiative recombination occurs in the active region of the

semiconductor structure. Because this recombination process requires holes in the

valence band, we reason that holes must be injected into the valence band of the semicon-

ductor (p-type region) from the electrolyte. Hole injection from the electrolyte is just

another way of saying that an electron moves from the valence band of the semiconductor

material into the electrolyte.

The movement of the hydrogen ion is responsible for current flow through the gly-

col:water:acid electrolyte [McQu84]. At the semiconductor/electrolyte interface (cath-

ode), the hydrogen ions in solution extract electrons from the valence band of the p-type

material and are reduced, resulting in the production of H2 gas.

4H (aq) +4e cathode 2H2 (g) (3.1)

The extraction of electrons from the valence band is equivalent to the injection of holes as

previously required for radiative recombination. Simultaneously at the anode, water mol-

ecules are oxidized to form 02 gas, hydrogen ions, and electrons. This is shown in Eq.

3.2.

anode
21-120(1) - . 0 2 (g) + 4H (aq) + 4e (3.2)
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The electrons which are produced at the anode/electrolyte interface move toward the

power supply, where they complete the circuit. The production of hydrogen ions at the

anode replaces those reduced at the cathode, bringing the system back to the original state

except for the loss of two water molecules. The net chemical process can be described by

adding Eq. 3.1 to Eq. 3.2 to obtain the electrolysis of water as shown in Eq. 3.3
electrolysis

2H 20(l) -o 2H 2 (g) + 02 (g) (3.3)

3.3 LCL as a Lambertian Source

A Lambertian source has emission that is uniform across the surface area. For a

Lambertian source of fixed area, the power measured relative to the surface normal

decreases as cos(O). This reduction in power as the observer moves away from the normal

is related to the decrease in the projected area of the source, which falls off as cos(O).

Because the emission is uniform across most of the state-of-the-art epitaxial semiconduc-

tor laser material used in our experiments, we anticipated that LCL should be a Lamber-

tian source. In this section, we describe the experiment we used to determine that LCL is,

in fact, a Lambertian source.

Figure 3-6 shows a representative radiation pattern for a Lambertian source as a

function of angle from the normal. This figure assumes that the source of emission is

small (a point source) in relation to the measurement system, an assumption that was valid

for our setup. The amplitude of the emission at a given angle is represented by the dis-

tance from the origin to the intersection of the circle and the angular line. Amplitudes are

normalized to the amplitude of the light normal to the surface.

To determine the angular dependence of the emission and whether or not lumines-

cence from the laser material was Lambertian, an LCL sample was held with clamping
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Figure 3-6. Radiation pattern for a Lambertian source, representative of the semicon-
ductor laser wafers used in these experiments.

tweezers and partially submerged at the center of a beaker half filled with the GWA elec-

trolyte. The grid was placed at the back of the beaker. An HP214B pulsed power supply

was used to drive the sample in the LCL configuration (negative lead to the sample and

positive lead to the grid). The sample was moved from the typical position near the edge

of the beaker to the center to remove errors due to refraction at large angles from the nor-

mal. At the center, all of the light emitted from the sample at all angles was normal to the

sides of the beaker and experienced no refraction. As mentioned before, the size of the

sample (-1 cm in width) in relation to the size of the beaker (-10 cm in diameter) allowed

us to consider the sample as a point source.

The beaker and sample were placed on a large piece of paper on which a polar grid

had been constructed. The position of the sample was adjusted so that the surface of the

sample was normal to the 00 markings on the polar grid. Placing the silicon p-i-n detector

on the paper 20 cm from the sample, the power emitted during the LCL pulse was mea-

sured and recorded. The detector was moved in an arc centered on the circle and several

sets of detector angle vs. power data were collected.
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Figure 3-7 is a plot of the emitted power as a function of the emission angle. A

curve corresponding to the cosine of the emission angle times the average of the values of

the power at 0' (cos(<P(00 )>)) is plotted along with the data. The angular emission data
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Figure 3-7. Emitted power during LCL as a function of the angle from the normal of
the sample to the detector. Dashed line corresponds to cos(<Int(00 )>).

tracks with the cosine curve with larger than expected values at the highest angles. We

believe that the additional light measured near 900 is due to scattering inthe electrolyte

and from the grid and beaker. Light generated in the sample was reflected off of the bea-

ker and subsequently scattered off the grid, producing a background signal that was mea-

sured at and beyond 901.

Based on the results of this experiment, we concluded that the LCL emission from

laser wafers in LCL situations is a Lambertian source. This is typical of many LEDs and

some materials used for display applications.
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3.4 LCL during Substrate Anodization

Initial uses of PA were for formation of insulating layers on p-type epitaxial layers.

PAL experiments followed these PA experiments and oxides were formed on the p-type

layers during PAL. As shown in Figure 3.1 and Figure 3.2, LCL experiments with the

negative contact to the n-type substrate resulted in forward biasing of the sample and light

emission. In this section, we describe an experiment in which the semiconductor sample

was forward biased, but with the positive contact to the p-type layers in an anodization

setup. The sample was mounted on a cover glass slide and the p-type surface of the epi-

taxial wafer was contacted using aluminum foil and silver paint as shown in Figure 3-8.

Leaving a window exposed on the n-type substrate of the wafer, the remainder of the

wafer was electrically isolated using a masking material. In this manner, current flow was

only allowed down the aluminum foil wire, through the semiconductor junction, and out

the n-type substrate. Pulsed current was monitored through a 10 QI resistor in the usual

fashion and the optical power was measured using a PIN 10-D photodetector from Univer-

sal Detectors, Inc. Both of these parameters were monitored on an oscilloscope.

In many GaAs-based lasers, the wavelength of the light is strongly absorbed in the

substrate material, which only allows for characterization of the emission from the p-type

surface of the material. The reason for this is that the emission from a GaAs QW, which

depends on QW width, will have a wavelength around 850 nm, which is strongly absorbed

by the GaAs substrate. The semiconductor laser material used in this experiment utilized

an InGaAs QW under strain, i.e. strained-layer InGaAs, producing emission at 950 nm,

which is outside the absorption band of GaAs. In this way, any light emitted from the
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Figure 3-8. Experimental setup for LCL using p-contact. Both anodic oxidation and
light emission were observed.

active region could pass through the GaAs substrate material without attenuation and be

observed as it exited the n-type substrate.

In order to better understand the experimental results, it is instructive to predict the

current flow mechanism for this contacting scheme. Because the contact scheme for this

semiconductor laser wafer sample was anodic (the semiconductor was positive with

respect to the electrolyte and grid), one would expect that the sample would become anod-

ically oxidized. The reactions that produce oxidation at the anode are [Grov94]:

2GaAs + 12h+----- 2Ga3+ + 2As3+

2Ga3+ + 3 (OH) (aq) Ga2 0 3 + 3H+ (aq) (3.4)

2As3+ + 3 (OH) (aq) - As203 + 3H+ (aq)
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and the reactions that occur at the cathode are:

6H 2 O-- 6 (OH') (aq) + 6H (aq)
(3.5)

12H+ (aq) + l2e------ 6H2 (g)

Combining these two sets of equations, the overall reaction for anodization is:

2GaAs + 6H 2 0----- Ga2 O3 + As 20 3 + 6H 2 (g) (3.6)

Therefore, we would expect that there will be charge transfer from the semicon-

ductor sample resulting in oxidation of the GaAs as it reacts with the hydroxide ions in

solution. At the cathode, water will dissociate into hydrogen and hydroxide ions. The

hydrogen ions will extract electrons from the grid and hydrogen gas will be produced in

the usual fashion.

During the anodization process, the p-n junction is forward biased as the positive

lead is attached to the p-type material. Therefore, one would expect that initially, the for-

ward bias current flow would generate emission from the active region. This was the

motivation for using 950 nm material, so that if emission did occur, we could view it

through the substrate.

When the circuit was connected to the pulse generator, both current flow and light

generation were observed. Figure 3-9 presents oscilloscope traces of the current and opti-

cal power profiles as a function of time. In this figure, the current and light profiles are

shown at two times, t1 and t2, with t2>t1, so that the development of the profiles with time

can be presented. When voltage was applied to the circuit in the typical top-hat profile,

the current pulse shape rapidly (on the order of 10 seconds) decayed to a profile similar in
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shape to the one marked t, in the figure. Simultaneously, light was emitted from the sub-

strate side of the sample. The onset of light emission coincided with the initial current

flow in the circuit, behavior one would expect for a forward biased junction. Finally, bub-

bles were formed at the grid, in agreement with Eq. 3.5.

t!
30 mA t<t

h< t2

0 Time (As)

a tl< t2
,- Xt20• -,--- Time (ps)

Figure 3-9. Current and optical power profiles for anodically biased LCL sample.

As the anodic current continued to flow, the oxide growth process continued to

influence the current and light emission profiles. As the oxide layer thickened, the current

profile decayed further as shown at time t2 in Figure 3-9. Consistent with the decreased

current flow, the emitted power dropped off as well.

After several minutes, the current flow was reduced to a profile typically associ-

ated with anodic oxidation. Because the oxidation of GaAs materials travels into the

semiconductor material, we expected the current flow associated with the growth and dis-

solution of the oxide layer to produce a uniform emission pattern across the exposed por-

tion of the substrate. Instead, the light emission pattern, when viewed with an infrared

viewer, was found to be quite non-uniform with the light generated from bright pin-points
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on the substrate. We do not currently have an explanation for the non-uniform emission

observed during this experiment.

Although we do not currently have an explanation for this unusual emission pat-

tern, it may prove useful to investigate this phenomenon further. It is possible that the

light emission pattern may enable us to improve our understanding of the oxide growth

process. Specifically, the lateral character of the oxide growth and dissolution may be

measurable using this technique. We believe that oxide growth starts at the edges of the

wafer and progresses into the center. Verification of this lateral growth characteristic may

be possible by using this technique and ultimately lead to the optimization of the lateral

growth characteristics.

3.5 Applications of LCL

LCL has applications that can be classified into two broad categories: diagnostics

and displays. In the next two chapters, both of these applications are discussed and exper-

iments are used to quantify and improve the LCL process. As a diagnostic tool, LCL can

provide a variety of useful information about the quality of the epitaxial wafer prior to

laser fabrication. Temporal stability of the light emission and injection efficiency mea-

surements are discussed in Chapter 4. The luminescent properties of LCI, naturally lead

to applications for light emitting displays. A key requirement for displays is to reduce or

eliminate the hydrogen bubbles generated at the semiconductor surface so an improved

electrolytic solution has been developed and is presented in Chapter 5.



CHAPTER 4

LIQUID CONTACT LUMINESCENCE - DIAGNOSTIC

LCL has been proven useful as a semiconductor laser wafer characterization tech-

nique. As a diagnostic tool, LCL can provide much useful information about the quality

of the epitaxial laser wafer prior to laser fabrication. It is a quick, inexpensive, and non-

destructive process that measures a variety of material parameters. Comparison of relative

light emission capabilities at a given input current can be used to provide wafer to wafer

characterization information. The peak emission wavelength, spectral linewidth, and

wafer uniformity map of a sample can be determined. In this chapter, some of the diagnos-

tic techniques developed using LCL will be described along with data obtained by this

method. The first subject covered is the decay of light emission observed in some LCL

experiments. The explanation for this decay phenomenon and a sample contacting

scheme which prevents emission decay is described. The application of LCL to the mea-

surement of relative internal quantum efficiency is discussed. A theoretical model is pro-

posed for LCL at both low and high injection levels. Experimental data i* used to verify

the model and demonstrate that the relative internal quantum efficiency can be measured

at high injection levels. Finally, the design of a sample holder employed to obtain repeat-

able LCL measurements is described.

4.1 Luminescence Temporal Stability (LTS) Problem

During LCL testing of wafer samples, it was observed that in some cases, the lumi-

nescence produced by the semiconductor laser wafer would diminish as a function of time.

63
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If LCL is to be used as a semiconductor laser wafer diagnostic technique, then it is impor-

tant that the luminescence from a sample is either not a function of time or varies slowly

with time in comparison to the time required to perform the wafer characterization. In

order to relate the optical emission to the drive current or voltage, the light emission needs

to be constant throughout the measurement process. To determine whether or not the

luminous efficiency was a function of time, several experiments were performed.

Standard Contact and GWA Electrolyte

For the first experiment, a wafer sample was placed in the standard LCL beaker

setup as described in Chapter 3. The sample was contacted as shown in Figure 4-1.

Tweezers -

Semiconductor t Cover
Laser Wafer Glass

Platinized GWA
Titanium Electrolyte

Grid

n-type p-type

Figure 4-1. Side view of the standard contact scheme for LCL testing of sample in a
beaker. Contact is made to the n-type side of the wafer while the p-type side is insu-
lated by the cover glass. The sample is exposed to the GWA electrolyte on both the
n-type and p-type sides.

Using this contact scheme, current can flow through either the p-side or the n-side

of the wafer. Current does, in fact, take both of these paths and hydrogen bubbles are

observed both on the front and back of the semiconductor sample. A plot of the light
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emission intensity, represented by the integrated spectral counts measured on the OMA

along with the current flowing in the LCL circuit as a function of time are shown in Figure

4-2. In this figure, there are three data points for each measurement time. The integrated

spectral count and the current were measured and remeasured two additional times in

order to obtain an averaged value. In some cases, the consecutive measurements were

identical, which produced less than three data points for a given time.
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Figure 4-2. Light emission decay as a function of LCL time. The sample is exposed
to the GWA electrolyte on both the n-type and p-type sides.

Both the integrated spectral counts and the current dropped during the 25 minutes

that data was collected. In order to determine if this decrease in current by less than 10%

resulted in the decrease in light emission, the voltage of the cw power supply was

increased at 25 minutes (16 V to 16.4 V) to increase the current back to the original 7.7

mA that was flowing in the circuit at the beginning of the test. The light emission intensity
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from the sample did not increase, but stayed near zero. Therefore, the light emission

intensity does, in fact, decrease to zero as a function of time in this contact scheme using a

GWA electrolyte.

The sample was removed from the GWA electrolyte, cleaned using deionized

water, and dried with N2. When the cleaned sample was placed back in the LCL beaker in

the configuration shown in Figure 4-1, the light emission intensity returned to the values

found at the beginning of the plot shown in Figure 4-2. Therefore, we believe that a thin

film forms on the surface of the semiconductor sample that impedes current flow through

the p-side of the sample. As the current flow through the p-type material decreases, the

current flowing through the junction and the light emission intensity decrease as well. The

current path through the n-type material to the cathode continues to carry current and, by

the 25 minute point (when the emission equals zero), all of the current is flowing through

the n-type material.

Standard Contact and EDTA Electrolyte

For comparison, this experiment was repeated using 0.25 M ethylenediamine tet-

raacetic acid (EDTA) as an electrolyte. EDTA is used as an electrolyte in capacitance-

voltage profilometers for semiconductor material characterization. The experiment was

performed as it was with the GWA electrolyte but with the current kept constant at 100

mA.

The plot of integrated spectral counts vs. time is presented in Figure 4-3. As one

can see, the light emission intensity does decay slightly over the 30 minute duration of this

test. This slight decrease in light emission led us to believe that the standard contact
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scheme is not a suitable method if the goal of uniform emission as a function of time is to

be obtained.

60

50F e0"X, 0 u00

S 40
d Average Counts = 49.6

b 30

"o 2020

10

0 . . . . I . . . .I . . . .I . .

0 5 10 15 20 25 30

Time (min)

Figure 4-3. Light emission decay as a function of LCL time. The sample is exposed
to the EDTA electrolyte on both the n-type and p-type sides.

Insulated Contact and GWA Electrolyte

One possible solution to this problem of light emission decay is to coat the sides

and back of the wafer using a suitable mask. Historically, photoresist has-been used as a

current blocking mask for pulsed anodization and gold plating of laser material. However,

we found that photoresist is slowly dissolved in the GWA electrolyte. Therefore, although

photolithography can be used to fabricate a well defined opening on the p-side of a laser

wafer, over time it will be dissolved and a current path will be opened to the n-side of the

wafer. The end result would be similar to that obtained with the n-side of the wafer

exposed to the electrolyte.
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Therefore, we have required another current blocking mask that would act as a

good current blocking layer and yet be easily removed after LCL testing so that the testing

process is non-destructive. We found that nail polish meets these requirements because it

has good current blocking characteristics and is easily dissolved in acetone. One benefit

that photoresist provides is the ability to define precise areas on the p-side of the wafer.

Using nail polish, this precise area definition is difficult. To make contact to the n-side of

the wafer, aluminum foil and silver paint were used. The wafer was mounted on a glass

slide and the sides of the wafer and the exposed portion of the aluminum foil lead were

covered with additional nail polish as shown in Figure 4-1. Although the exact areas used

for these lifetime experiments could not be identical, as explained above, the sample areas

exposed to the electrolyte were comparable at -0.5 cm2.

Using this insulated contact scheme, the sample was operated to produce LCL. As

before, several current and light emission samples were collected at each measurement

time. The data collected using this contact scheme is presented in Figure 4-5.

As one can observe, the light emission experienced no decay after 30 minutes of

LCL operation, reinforcing our belief that the decay is related to the opening or enhance-

ment of a current flow path through the n-side of the wafer. The use of an appropriate cur-

rent blocking mask and insulation of the n-side of the wafer can prevent the light emission

decay from occurring. It should also be noted that the total number of integrated spectral

counts is much greater for the case in which the n-side of the sample was insulated from

the liquid electrolyte. This increase in emission was obtained while the current flowing in

the LCL circuit was reduced in the insulated case.
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Figure 4-4. Side view of the insulated contact scheme for LCL testing of sample in a
beaker. Contact is made to the n-type side of the wafer through the aluminum foil
lead, which is insulated, along with the n-type material, from the GWA electrolyte.

Although prevention of the emission decay was obtained by using the insulated

contact scheme shown in Figure 4-1, there were several problems inherent in the design

which required solutions. First and foremost, the lack of the ability to precisely define an

area on the p-type surface of the wafer through which the LCL current was injected cre-

ated problems in calculating the current density flowing through the wafer. Because the

current density flowing through a device allows for easy comparison between devices of

different area, obtaining this number is quite important. Additionally, the time required to

prepare an insulated sample holder is a drawback. Application of the aluminum foil con-

tact and repeated applications of nail polish are obviously not an ideal solution to the LCL
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Figure 4-5. Light emission decay as a function of LCL time. The sample is insulated
from the GWA electrolyte except for a portion of the p-type surface.

testing problem. Therefore, a new sample holder was required for these LCL experiments.

Section 4.3 describes the requirements for, and the design and fabrication of this new sam-

ple holder.

A future experiment that would shed light on the increased current flow through

the n-side of the wafer would be to illuminate the p-side with short wavelength light dur-

ing LCL in order to generate electron-hole pairs. With additional conduction band elec-

trons created in the p-type material in this manner, the electron transfer mechanism for the

p-type and n-type material to the hydrogen ion would be comparable. The impact of illu-

mination on the LTS problem and the electron transfer mechanism at the semiconductor

electrode-liquid electrolyte interface might be studied in this way.
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4.2 Relative Internal Ouantum Efficiency Measurements

The parameter 71j, usually called internal quantum efficiency, is one of the key

parameters used to quantify the performance of semiconductor lasers. The conventional

method for determining ii involves the fabrication and pulse-testing of at least three sets

of wide-stripe lasers with different cavity lengths. From the measured slope efficiencies

one then extracts ih.

Assuming the output power vs. current (P-1) curve of a diode laser is linear, one

can define a slope efficiency i:
(O- ) = (- h)/efre) (Vld)(Va) (4.1)

In this equation, the parameter Tld is called the differential quantum efficiency and the

parameter Vc is the characteristic voltage. The parameter lid can be broken into two parts

as indicated below:

11d =iilo (4.2)

where % is the internal quantum efficiency and ilr is the output efficiency. The expression

for 710 is:

1 1

2L R o
11o =  1InR1 (4.3)

where ati is the internal mode loss, L is the laser cavity length, and Ro and Rb are the mode

power reflectivities of the facets (R0=Rb in our experiment).

From the above three equations, one can obtain an expression for Tk,

1 2 [Vc )+,(I , V{ ! (4.4)
, ITi Tn
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The parameter Tli can be determined from the intercept of a plot of 1/r, vs. L.

InI
1 1 + (4.5)

[li1
rli=VC (1 /71s) L=  l 0

Since this determination of T71 involves a substantial amount of work and uses up

laser material, it is interesting to ask if there is some simple, nondestructive method which

can be used at the unprocessed wafer level to predict the T11 value for the wafer. In this

section we report on the use of LCL to address this question and show that LCL can be uti-

lized to predict the relative rii for a laser wafer.

As will be seen, although the LCL technique used here is somewhat similar to the

well-known photoluminescence (PL) technique routinely used to evaluate diode laser

material, it is intrinsically superior to PL in that the current density J is easily measured.

Since the performance of diode lasers is determined in large part by the dependence of

light emission on J, the ability to easily measure J is a very important part of the evalua-

tion process. In PL experiments, it is very difficult to estimate the effective J since it

depends on the wavelength of the pump source, the reflectivity, absorption and transmis-

sion characteristics of the material at that wavelength, and the nature of the minority car-

rier transport processes in the material. With LCL, this problem is avoided since the liquid

contact acts like a metal contact in providing majority carrier injection to pump the mate-

rial.

In general, QW electron-hole recombination processes can be subdivided into non-

radiative (R,), spontaneous (RP), and stimulated (R,,) [Cold95]. These three types of

recombination mechanism are related by the following equation:
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li=Rnr + Rsp + Ra  (4.6)
e

The physical meaning of this equation is that a given number of carriers per second (-
e

are injected with some efficiency (ili) into the active region, resulting in a certain number

of recombinations per second via various mechanisms. For these LCL experiments, Eq.

4.6 and the corresponding physical phenomenon are considered at injection levels for

which no stimulated emission events are considered (operation well below lasing thresh-

old). Therefore, only spontaneous and non-radiative recombination events will be consid-

ered.

The recombination rates for non-radiative and spontaneous emission can be related

to the carrier density as follows:

Rnr = AN. V Non-radiative recombination rate
2 (4.7)

Rs= BN 2 V Spontaneous emission recombination rate,

where A and B are the non-radiative and spontaneous emission recombination coefficients,

respectively, N is the carrier density in the active region, and V is the volume of the active

region. Neglecting the stimulated emission term, substituting these relations into Eq. 4.6,

and dividing both sides by the volume (V = wld), one obtains a relationship between the

current density, J, and the carrier density, N:

Tli-:- = AN + BN 2 . (4.8)

Using the substitution

= (4.9)

Eq. 4.8 can be rewritten as:

BN 2 +AN-lij = 0 (4.10)

Using the quadratic equation to solve for N, one obtains
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N = [ -) 2 +4 CiDJ (4.11)

Examining only the solution for N>O,

N 1 + ) _A-p

B (4.14)

N=I A

' (A) [ l1,4( ;)2( -, ](.2

= (A)[Ja 4 ik-). 1

2)7

the genal cse orothe approximationfonin.41 for the low current levelscs,:h

relationship between the emitted power and the injection current can be found.

For the general case:

P = KBN 2

= KB[ ( )B 1+4(An>Ji-1
KB [1+4 B 1+4(2 (4.15)

2  - + i (4.14)

2B L
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For the case of low level injection, the approximation for N found in Eq. 4.14 can be used

to find the relationship between emitted power and the injection current:

P =KBN
2

B 2.2 (4.16)

Therefore, for low injection levels (assuming that Tli is constant), the emitted

power is proportional to the square of the current density:

Pc J 2  (4.17)

Using a visible laser wafer (X847), power vs. current data was collected using the

LCLSH described in section 4.3. Data was collected at both low and high current levels to

verify the theoretical model proposed above.

Low Level Injection

Figure 4-6 is a plot of the measured LCL spectra obtained from wafer X847 at cur-

rent levels that varied from 0.2 to 2 mA. The scan time of the optical multichannel ana-

lyzer was 20 ms. Since the size of the emitting area was 0.125 cm 2, the current density

ranged from 1.6 to 16 mA/cm2.

Examining the LCL for this wafer, the spectrum of the emission does not shift with

drive current and asymmetries are preserved as drive current increases. In order to obtain

the emitted power from these spectral measurements and compare the experimental power

vs. current data with theory, these spectral profiles were integrated. The total photon count

Nps for a given J is obtained by adding up the total number of counts under the spectral

envelope and subtracting the number of counts outside the spectral window in which the

emission is contained. For example, for wafer X847, the spectral window of emission is
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Figure 4-6. Spectral data for wafer X847 from 0.2 mA to 2 mA. Sample size is
0.125 cm 2.

600 to 680 nm. Nph vs. J for wafer X847 is plotted in Figure 4-7. In this figure, the Nph

data points for the wafer is represented by circles.

Examining this plot, one can see that the relationship between the power and the

low level injection current density is obviously not linear. In order to determine if the

power is proportional to the square of the current density as derived in Eq. 4.17, it is nec-

essary to determine the values for the A and B coefficients used in Eq. 4.16.

The power measured by a detector is equal to the total emitted power (the sponta-

neous emission power) minus the power required for the detector to register a signal above

the noise floor. We refer to this last power value as the threshold power, Ph. Using these

parameters, the detected power can be represented by

Pdet " sp + Pth
2 +(4.18)- KBN2 +Pth,
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Figure 4-7. Integrated spectral counts Nph vs. J for wafer X847. Circles represent
experimental data and line represents curve fit derived from a theoretical model with
Jh = 0.7 mA/cm2 and x = 0.2.

where the spontaneous emission collection efficiency has been included as K.

Considering the point where the detector threshold is reached, the detected power,

P,, will be zero and the current density, J, will be Jth. For this condition, Eq. 4.18 can be

solved for Pth, using Eq. 4.12 for the value of N to obtain

a [F-,B
212K-- A Jth- 1 (4.19)

Using Eq. 4.18, the detected power can be found.

Pdet = A[ A 4'J1 2-{I +42-dJth-1}1 (4.20)

2F4B i  Af4B1 l  4BTlil

A2e, K 4 Tld(J-jh) - 2 B+ ' ,- . (4.21)
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Pdet = KIl (J- Jh) 4 2B1B r i h

P,, can be rewritten in a simplified form if a substitution is made for

4B = x. (4.23)

Pdet = K (1-Jth)x- {1 +XJ- +thJ (4.24)

Using this equation for P",, relations for P1 and P2 can be calculated for two dif-

ferent current densities, J, and J2. These two relations for P1 and P2 can be divided into

each other and one can numerically solve for the x value for each (J1,PI) and (J2,P2) pair as

shown in Eq. 4.25.

(Ji - ih) -x +x
-- =-I(4.25)

P2 (2 -U-A iT+Xh}( 1 ,) - x I ,Jf + XJ2  XM

The values determined for x for each wafer were averaged (X = 0.2) and plugged

back into Eq. 4.24 to obtain Pd,, in terms of J. This curve was normalized to match the

experimental power valued at the highest current density and is plotted with the experi-

mental data in Figure 4-7. The data obtained using wafer X847, which was a high quality

laser wafer, was fit by the model extremely well.

High Level Injection

Having discussed the theory and experiments at low current levels, the remainder

of this section is devoted to a discussion of the relationship between power and current

density at high injection levels. In high quality red laser material, one expects that R. , >>

R,, and R,, at current densities of a few A/cm. In this case, Eq. 4.6 simplifies to:

I
I R(4.26)
ie -R
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If current is run for time At, the number of photons generated will be RNPAt. However,

only a fraction (F) of these photons will be collected by the spectrometer. Defining this

photon number as Nph, we can write,
FAt.

NPh = Rs AtF = -et"TV = KTlil (4.27)

where K = FI4 is a constant. If rh is independent of I and the assumptions made to
e

obtain Eq. 4.26 are correct, then a plot of Nph vs. I will be linear. If so, then the ratio of the

slopes for two wafers will be equal to the ratio of their internal quantum efficiencies.

In order to verify that the emitted power is linear with drive current, the wafer used

earlier was driven at higher current densities. Figure 4-8 is a plot of the integrated spectral

counts as a function of drive current. As one can observe from the plot, the emitted power

becomes linear with drive current at currents over 2 mA (16 mA/cm2), as predicted. Sam-

ple size, as before, was 0.125 cm2.

For additional information about internal quantum efficiency measurements of

GaInP quantum well laser material using LCL, the reader is referred to a paper recently

presented by another student in our research group [Hsu96]. In this work, LCL at high

injection levels was used to measure the ratio of internal quantum efficiencies for two red

laser wafers with identical epitaxial structures except for differences in the thickness of the

QW active region (7 or 8 nm). It was found that the measured ratio was in agreement with

the internal quantum efficiency ratio as determined from conventional slope efficiency vs.

cavity length measurements. In conclusion, the LCL method is a good way to predict rel-

ative ih values for diode laser wafers.
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Figure 4-8. Integrated spectral count vs. current density for wafer X847. Emitted
power is linear with current at high injection levels. Line is a linear curve fit to data.

4.3 LCL Sample Holder

In order to perform luminescence experiments in a repeatable fashion, we needed a

sample holder that would meet several requirements. The sample holder should provide a

way for the samples being tested to be exchanged in and out of the sample holder in an

easy manner. It should precisely position the sample in the same locatiorr in front of the

measurement equipment each time it is used. This precise placement will allow for con-

sistent coupling to the measurement devices, such as the optical multichannel analyzer

(OMA). Also, the sample holder should have a precise area of the semiconductor sample

in contact with the electrolyte each time, so that a given current level always results in the

same current density, a parameter upon which many semiconductor properties depend in a

functional manner. Because some of the redox couples used in LCL experiments become
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colored liquids upon dissolution, the distance between the front of the semiconductor sam-

ple and the emission window should be small. Finally, the sample holder should not inter-

act with the liquid electrolyte or the sample in a manner which would impact the testing.

Based on these requirements, we designed and built a spring loaded sample holder,

which we have simply named the liquid contact luminescence sample holder (LCLSH), as

shown in Figure 4-9 and Figure 4-10.

Plug *q

(a) (b) -

Figure 4-9. Perspective drawing of the LCL sample holder (LCLSH). Pieces (a) and
(b) are bonded together for final assembly.

The LCLSH pictured in Figure 4-9 and Figure 4-10 was designed and constructed

using two plastic petri dishes. The design can best be understood by separately examining

the left and right portions (Figure 4-9(a) and (b)) of the dish, which correspond to the cath-

ode and anode of the electrochemical cell, respectively.
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Figure 4-10. Side view of the LCLSH during LCL testing.

The left portion of the LCLSH held the semiconductor sample, which served as the

cathode in LCL experiments. The bottom of the petri dish, on which the cathode wire and

a metal spring were mounted, was detached from the top of the dish. The semiconductor

sample to be tested was placed on a buna (nitrile) O-ring mounted at the center of the top

petri dish. The inside diameter of the O-ring was 5/32". Contact was made to the back of

the semiconductor sample by the metal spring mounted on the back of the cathodic petri

dish when the two pieces of the dish were reassembled and held together with two plugs.

In this picture, the p-type surface of the semiconductor laser wafer was facing to the right.
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The right (front) portion of the LCLSH was designed to hold the liquid electrolyte

and provide an emission window close to the p-type surface of the semiconductor sample.

The cathode wire was run through the top of the front petri dish and looped around the

inside edge of the dish. The center of the right petri dish was removed and a glass micro-

scope slide was attached as the emission window, recessed from the front of the dish by

use of a thick buna O-ring. Electrolyte was added to the cell via the fill hole at the top of

the sample holder to a level above the position of the semiconductor sample.

A section of laser wafer GE-88-1 was tested to determine if the sample holder pro-

duced repeatable results. In order to determine the repeatability, the sample was tested,

the sample holder was removed from the OMA, the GWA electrolyte was drained from the

sample holder and the sample was re-prepared and retested. Each spectrum was taken

three times and the averages are presented. Results for the six tests are presented in Table

4-1.

Table 4-1. Data collected to test the repeatability of the LCLSH using section #1 of wafer
GE-88. The test number, drive current, and the integrated spectral count are shown. All

data was collected at a drive voltage of 16 V.

Average
Test Current Integrated Procedure Performed after each Test

# (mA) Spectral Counts
(Thousands)

1 2.3 160 Drained and refilled GWA

2 2.2 & 2.3 162 Drained GWA, removed bubbles, refilled GWA.
Increased resolution of multimeter.

3 2.36 162 Drained GWA, removed bubbles, refilled GWA.

4 2.37 163 Drained GWA, removed bubbles, refilled GWA.

5 2.29 160 Drained GWA, removed bubbles, refilled GWA.

6 2.30 154
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Based on this test, we determined that the LCLSH produced repeatable results as

designed. We have used this LCLSH extensively during experiments reported on in both

this chapter and Chapter 5.



CHAPTER 5

LIQUID CONTACT LUMINESCENCE - DISPLAYS

Because of the bright emission properties of LCL, it has been proposed that dis-

plays incorporating LCL as the light emission source would be possible. If this is to be the

case, then several problems inherent in the early LCL results needed to be solved. Chief

among these problems were bubble formation and low cell efficiency. Unfortunately, as

was described in Chapter 3, the electrolysis of water (which produces H2 bubbles at the

semiconductor cathode) is the LCL current flow mechanism using the GWA electrolyte.

Simultaneously, the conductivity of the GWA electrolyte is low, resulting in low LCL

power efficiency. In order to solve these problems, we performed a literature search to

obtain more information about electrolytes used in electrochemistry. This chapter

explores the electrochemistry of the semiconductor electrode-liquid electrolyte interface

and photoelectrochemistry experiments that sought to employ reactions at this interface to

generate chemical fuels and electrical power from sunlight. Based on these chemical pro-

cesses occurring in the electrochemical cell, we redesigned our electrolyte and tested these

new electrolytes, which demonstrated improved characteristics over the standard GWA

electrolyte. Using these non-aqueous electrolytes, we have accomplished the first demon-

stration of light emission from semiconductor laser materials using non-aqueous liquid

contacts. Resistance measurements for new solvent/electrolyte/redox couple solutions are

discussed and comparisons of the light emission characteristics of several non-aqueous

electrolytic solutions as a function of supporting electrolyte molarity are presented.

85
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Finally, lifetests were performed using some of these non-aqueous solutions and we report

on these results and conclusions drawn from the experimental data.

5.1 Photoelectrochemical Introduction

In order to improve the LCL process for possible display applications, we per-

formed a literature search into previous research employing liquid contacts and semicon-

ductor materials. We found that there was a significant body of work related to the

development of photoelectrochemical cells useful for solar energy conversion [Tan94].

Funded largely in the 1970's and early 1980's, this research had promised to use liquid

junction solar cells to generate either electricity or chemical fuels.

In photoelectrochemical (PEC) cells, two electrodes, one metallic and one semi-

conducting, are immersed in a liquid and exposed to sunlight. The incident sunlight is

absorbed near the surface of the semiconducting electrode, creating electron-hole pairs. In

order to obtain useful current flow in the circuit, the electron-hole pairs need to be sepa-

rated before they can recombine. It is surreptitious that a large electric field is created at

the interface between the semiconductor and the liquid electrolyte. This field develops

spontaneously when two material phases with different chemical properties are brought

into contact. For electrical engineers, a widely used example of this phenomenon is an n-

type and p-type semiconductor brought into intimate contact.

As is well known, charge carriers will redistribute after intimate contact to equal-

ize the chemical potential throughout the semiconductor, resulting in band-bending and a

built-in electric field. A similar situation is obtained in an electrochemical cell as shown

in Figure 5-1. In this figure, Er and E, represent the conduction band and valence band

edges in the semiconductor, respectively. Ef represents the Fermi level in the semiconduc-
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tor and E(A/A') represents the solution electrochemical potential, which is analogous to

the Fermi level. The symbols A/A" are used by chemists to represent a redox couple, a

concept which will be described in section 5.3. When the semiconductor and liquid are

brought into contact, charge transfer across the interface occurs as the chemical potential

throughout the system becomes constant, i.e. Ef = E(A/A-). In the example shown in the

figure, it is assumed that the solution electrochemical potential is lower than the Fermi

level in the semiconductor, so electrons are transferred from the semiconductor to the

solution. Because the distance from the Fermi level to the conduction band edge is related

to the concentration of electrons, the energy bands bend up as the electron concentration

decreases near the semiconductor/solution interface.

EfrF_- - E(A/A-)
>" E(A/A-)

Semiconductor Solution Semiconductor Solution

(a) (b)
Figure 5-1. Energy band diagrams for n-type semiconductor/liquid junction at equi-
librium. (a) Prior to contact and before charge equilibrium occurs. (b) After charge
equilibrium has occurred. The electrochemical potential is constant at ill points, Ef
- E(A/A-).

The built-in electric field that is developed at the semiconductor/liquid interface

separates the electron-hole pairs created by the absorption of incident light as mentioned

above. These electron-hole pairs, which could recombine if they were not separated, pro-

duce current flow in the external circuit, in a fashion similar to photoelectric devices.
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An application of photoelectrochemical cells, which will be discussed briefly here,

is the ability of these cells to generate chemical fuels [Lewi95]. This is a capability not

available using semiconductor photoelectrics, which can only produce electrical energy,

but cannot directly convert incident photon energy into chemical fuels, which can be eas-

ily stored. A representative fuel-forming cell with water as the electrolyte is shown in Fig-

ure 5-2. In such a cell, electrons are injected into the water from the metal electrode to

e"Sunlight. "

semiconductor-- --metal

Figure 5-2. Fuel generating photoelectrochemical cell. Absorbed sunlight produces
current flow and the photoelectrolysis of water into hydrogen and oxygen. These
gases can be stored for future energy generation.

combine with H+ ions and produce hydrogen (H2) gas. The circuit is completed by the

extraction of electrons from the liquid at the semiconductor, resulting in the production of

oxygen (02) gas. These gases can be stored and later burned to produce energy. Unfortu-

nately, most semiconductor electrodes are oxidized during this process and the resulting

corrosion causes the conversion efficiency to drop rapidly. In fact, Si and GaAs, which are

readily available and are nearly ideal candidates because their absorption profiles are

closely matched to the solar spectrum, oxidize readily and form insulating layers that stop

current flow. At the same time, semiconductors with large bandgaps, which can sustain

the photoelectrolysis of water without corrosion, do not absorb an appreciable portion of
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the incident sunlight. As a result, fuel generating photoclectrochemical cells have not

found applications in solar energy conversion.

One approach that has been used to circumvent the corrosion problem discussed

above is to utilize non-aqueous electrolytic solutions that eliminate water from the cell

[Gron82], [Gron83a], [Gron83b], [Lang82], [Rose84]. In these cells, the charges gener-

ated by light absorption are transferred to a chemical species (sometimes called a stabi-

lizer) in the electrolyte that accepts an electron at one electrode and donates an electron at

the other electrode. As will be seen in section 5.2, the stabilizers are also referred to as a

redox couple. In this manner, current is allowed to flow in the circuit without producing

corrosion of the semiconductor electrode. One should note that the use of a non-aqueous

electrolyte and the resulting lack of chemical reactions precludes the fabrication of a fuel-

forming cell as the stabilizers are almost universally not useful as fuels.

Taking a step back and looking at the LCL process, it is somewhat analogous to the

PEC cells discussed above. These cells are similar in the sense that the main components

and ingredients are light, charge carriers, and gas production. It is ironic that an issue that

is a problem for us, namely the production of H2 gas, is a desired outcome for fuel-form-

ing cells. Figure 5-3 is a comparison between PEC and LCL cells. One can observe that

the two cells feature similar processes in reverse order, almost like a semiconductor detec-

tor and a semiconductor laser. PEC fuel-forming cells use absorbed sunlight as the energy

source to produce electron-hole pairs and current flow. LCL cells use an external bias pro-

vided by a battery as the energy source to produce current flow and electron-hole pairs that

recombine to produce light. Therefore, the comparison between the two cells, sunlight -+

current or current -+ light generation are analogous in a mirror image fashion. In both



90

PEC LCL

Light absorption at Bias appliedtocell
the semiconductor through a battery
interface

________ _ reactions at)Electron-hole pair cre-
Chemical reactions at ation through a chemi-
the interfaces (elec- cal reaction at the
trolysis of water) interfaces (electroly-

sis of water)

Production of H2 and4C02 gas CMajority carrier cur-
rent flow J

C Electron-hole pair cre- Electron-hole recom-
ation and charge sepa- bination in the active
ration at the interface) region.

_ _ _ _ _ _u Spontaneous emis-
Mrrier I sion, production of

rent flow ,H2 and 02 gas

Figure 5-3. Comparison of PEC fuel-forming and LCL cells. Similarities are found
in common components: light, charge carriers, current flow, and electrolysis of
water.

cases, the non-aqueous electrolytes and stabilizers contribute to current flow and many of

the lessons learned in PEC cells can be applied to LCL cells.
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5.2 Solvents. Supporting Electrolytes. and Redox Couples

Up to this point, the liquids used for LCL electrochemistry have been referred to as

electrolytes. Although this is acceptable terminology, it is now useful to more clearly

define the components of the liquid electrolytic solution.

Liquids in electrochemistry are made up of a solvent, a supporting electrolyte, and

a redox couple. The solvent provides a liquid medium in which the supporting electrolyte

and the redox couple are dissolved. The supporting electrolyte, which can also be referred

to as a salt, is an inert substance that does not participate in the electrode reactions, but

increases the conductivity of the solution and thereby decreases the ohmic potential drop.

Finally, a redox couple, referred to earlier in this chapter as a stabilizer, provides for elec-

tron transfer at the electrodes. All of the chemicals used for the solvent/supporting elec-

trolyte/redox couple solutions in this work are described in detail in the appendix.

Solvents

An important aspect of a solvent's properties is the protic character (acid-base

properties) of the solvent. Protic solvents are strong hydrogen bond donors, exchange

protons rapidly, and have hydrogen bound to more electronegative atoms (such as fluo-

rine, oxygen, and nitrogen). Aprotic solvents, on the other hand are poor hydrogen bond

donors as they generally have hydrogen bound to carbon. They are weakly acidic and pro-

ton exchange occurs slowly. The most common non-aqueous solvents are aprotic sol-

vents.

The use of an aprotic solvent tends to simplify the possible chemical reactions rel-

ative to those in protic solvents. This allows for the study of stable radical cations or

anions that are produced by the removal or addition of an electron (simple electron trans-
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fer). In our experiments, aprotic solvents were used to reduce the likelihood of hydrogen

reacting at the semiconductor/liquid electrolyte interface and producing H2 gas.

Supporting Electrolytes

The use of an inert supporting electrolyte (also referred to as a salt or an electro-

lyte) is indispensable in electrochemistry and affects the solvent medium in several ways:

1. Reduces cell resistance and impacts mass transport by electrical migration.

2. Largely determines the structure of the double layer.

3. May impose positive or negative voltage limits because of its redox properties.

Although technically, an electrolyte is the substance that dissociates into ions in

solution, thereby becoming an electrical conductor, often the entire conducting solution is

referred to as an electrolyte. In this work, electrolyte is used in both senses and the con-

text should be used to distinguish between the dissociating substance and the general solu-

tion.

Pure organic solvents are essentially nonconductors. Without the addition of some

electrolyte, their resistance is so great that passing even small currents requires impractical

voltages. Therefore, the primary function of the supporting electrolyte is to provide a con-

ducting medium. The solvent-supporting electrolyte combination should be chosen to

give resistance values that are small as possible and thereby minimize iW drop.

When an electric field is imposed on an electrolyte solution, the ions will tend to

migrate - the cations moving toward the cathode and the anions moving toward the anode.

This migration of ions constitutes current flow in the cell, and each kind of ion carries a

fraction of the current proportional to its mobility and concentration. For a particular

value of the current, the addition of an inert electrolyte will reduce the solution resistance,
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which in turn will decrease the electric field according to Ohms's law, V=iR. Therefore,

the mass transport of an ionic electroactive species (these are the chemical species react-

ing at the electrodes) that is caused by migration in an electrical field can be reduced to a

negligible level by "swamping" the solution with an inert electrolyte. This will result in

most of the current being carried by the ions of the supporting electrolyte.

In voltamimetry, the customary practice is to make the supporting electrolyte con-

centration at least 50 times the concentration of the electroactive species, so that electrical

migration will be suppressed. In our experiments, we used lower concentrations, but we

still had more electrolyte than redox couple (our electroactive species).

Redox couples

The redox couple, also referred to as a stabilizer, provides for electron transfer at

the electrodes. The next section describes the redox reactions that occur at the electrodes

in electrochemical cells.

5.3 Oxidation-Reduction (Redox) Reactions

All chemical reactions can be classified in two groups: reactions that involve a

transfer of electrons from one reactant to another during the reaction and reactions without

electron transfer. Chemical reactions in which electrons are transferred from one species

to another are called oxidation-reduction reactions, commonly called redox reactions. An

example of a redox reaction is the reaction between zinc and Cu2 (aq) ions in aqueous

solution:

Zn(s) + Cu (aq)- - Cu (s) + Zn (aq) (5.1)

In this reaction, the copper ion is said to be "reduced" to solid copper because of the addi-

tion of electrons:



94

2+ - catodc
Cu (aq) + 2e " -a- Cu (s) reduction (5.2)

In a complimentary fashion, the solid zinc is said to be "oxidized" as it has lost electrons:

anode 2+
Zn (s) - (aq) + 2e oxidation (5.3)

As one can see from the above reactions, the redox reaction in Eq. 5.1 can be

obtained by the addition of Eq. 5.2 and Eq. 5.3. These simultaneous reduction and oxida-

tion reactions are called half-reactions. Note that the oxidation half-reaction supplies elec-

trons used in the reduction half-reaction. The overall chemical reaction in an

electrochemical cell is really the combination of two half-reactions, which are occurring at

the two electrodes in the cell. Because our interest is in the reaction occurring at the semi-

conductor, specifically the hydrogen bubbles being produced during the LCL process, this

electrode is referred to as the working electrode, while the platinized titanium grid is

referred to as the counter-electrode. In order to focus on the working electrode, standard-

ization is accomplished by use of a reference electrode, either the normal hydrogen elec-

trode (NHE) or the saturated calomel electrode (SCE), which has a potential of 0.242 V

vs. NBE and the potential of the working electrode is measured with respect to the refer-

ence. If the working electrode is biased to negative potentials with respect to the NHE, the

energy of the electrons within the electrode is raised and they will eventually flow from

the electrode to the solution, resulting in a reduction current. The potential at which this

current begins to flow is related to the standard potential, EO, for the specific chemical sub-

stances in the system.

When the potential of an electrode is biased to negative potentials, the substance

that will be reduced first (assuming all possible electrode reactions are rapid) is the couple

with the most positive EO. For example, for a platinum electrode immersed in an aqueous
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solution containing 0.01 M each of Fe3 , Sn4+, and Ni 2 , in 1 M IICI, Fe3+ will be reduced

first, since the standard potential, E0, for this couple is the most positive (Fe3+ is the easiest

to reduce). On the other hand, for an electrode biased positively, the oxidation reaction

will occur with the couple having the least positive E°. For example, for a gold electrode

immersed in an aqueous solution of 0.01 M each of Sn2  and Fe2 , the Sn2+ will be oxi-

dized first, as it has the least positive EO [Bard80]. Figure 5-4 presents energy diagrams

for the reduction and oxidation reactions discussed above.

In the case of the initial LCL experiments, in which the electrolyte consisted of

ethylene glycol, phosphoric acid, and deionized water, the reduction of hydrogen ions and

the oxidation of water molecules occurred, resulting in the electrolysis of water as shown

in the following equations:

4H (aq) + 4e" -cathd 2H-2 (g)

anode
2H20(1) - *- 0 2 (g) + 4H+ (aq) + 4e

electrolysis 2 g

2H 20(1) e - 2H2 (g) +0 2 (g)

At high enough voltages, the supporting electrolyte will start being reduced or oxi-

dized and will not be inert as it reacts at the electrodes. In both polagraphic and prepara-

tive electrochemistry in aprotic solvents, it is customary to use tetraalkylammonium salts

as supporting electrolytes [Sawy74]. The tetrabutylammonium salts are more difficult to

reduce than the tetraethylammonium salts and are preferred when maximum cathodic

range is needed. For maximum anodic range, the perchlorate or tetrafluoroborate counter

ions are preferred because they are not readily oxidized. In fact, the tetrafluoroborate ion
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E0  -0.25- Ni2+ + 2e" - Ni
(V vs. NHE) 0-- 2H+ + 2e" -- H2

+0.15-- Sn4  + 2e -> Sn 2+

I +0.77+ Fe3  + e -- Fe2+

(a)

Possible
Goxidation

reactions

(V vs. NHE) +0.15 - Sn 2e -- Sn

+0.77 Fe2 -e - Fe3+

+1.23 2H20 - 4e --> 02 + 4H+

(b)

Figure 5-4. (a) Potentials for possible reductions at a platinum electrode in an aque-
ous solution containing 0.01 M each of Fe3+, Sn4+, and Ni2 , in 1 M HCI. (b) Poten-
tials for possible oxidation reactions at a gold electrode immersed in an aqueous
solution of 0.01 M each of Sn2  and Fe2 .

gives slightly greater anodic range than the perchlorate ion. We have found that during

LCL, the perchlorate ion is not inert (see section 5.8), verifying this fact.

5.4 Light Emission using Non-aqueous Solvents

Based on our improved understanding of electrochemistry, it became apparent that

the GWA electrolyte, which was initially developed for pulsed anodization, was not ideal
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for LCL. The protic solvent, deionized water, also served as the redox couple, resulting in

H2 bubbles. The phosphoric acid, which served as some sort of supporting electrolyte,

only increased the H' ion concentration, thereby increasing the probability of electrolysis.

In order to reduce or stop the electrolysis of water, two approaches were possible:

1. Use redox couples in the electrolyte solution that will react at lower potentials

than hydrogen and water, or

2. Use non-aqueous electrolytes that do not contain water.

Therefore, based on this reasoning, we attempted the second option and prepared

cells with a non-aqueous solvent, a supporting electrolyte, and a redox couple [Casa91],

[Kohl79a], [Koh179b]. The LCL cells were similar in geometry to the cells used for

pulsed anodization and power was provided by a cw power supply. To verify that the

setup was in good working order, we tested the sample (X971, X=630 nm) for LCL emis-

sion using the GWA electrolyte. We subsequently cleaned and dried the grid and sample

using DI water and N2, a process that was repeated after each combination.

Based on the literature regarding photoelectrochemistry, several non-aqueous sol-

vents were possible candidates. Acetonitrile (methyl cyanide) is widely used with several

electrolytes. However, the lack of suitable vent hoods in our laboratories which contained

the equipment required for the collection of spectral, efficiency, and other optical and elec-

trical data, precluded my testing solutions with acetonitrile. Two other solvents, dimethyl-

sulfoxide (DMSO) and N,N-dimethylformamide (DMF), were rejected because they are

either toxic or easily absorbed into skin (producing exposure to any toxic substances dis-

solved in the solvent), respectively. Two non-aqueous solvents which are non-toxic and

readily available are methanol and propylene carbonate (PC). These solvents were
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obtained and utilized in this experiment. Initially, we used combinations as described in

Table 5-1.

Table 5-1. Solvent/electrolyte/redox couple combinations and light emission results.
Abbreviations used in the table: TMPD = N, N, N', N' tetramethyl-p-phenylene diamine;

TBAP = tetrabutylammonium perchlorate, TBAI = tetrabutylammonium iodide.

Electrolyte Redox Solution
Solvent Couple Resistance Bubble Light(Molarity) (Molarity) (Q)) Formation Emission

Methanol LiC10 4  Ferrocene 200 Yes No
(0.5) (0.1)

Methanol LiC1O 4  Ferrocene 100 Yes No
(1.0) (0.05)

Methanol LiC1O 4  Acetyl Fer- 160 Yes No
(1.0) rocene (0.1)

Methanol LiC10 4  TMPD t Yes No
(1.0) (0.05)

Propylene TBAP (0.2) Ferrocene 300 Few at Yes
Carbonate (0.05) edges

Propylene TBAP (0.1) TMPD 5333* No Yes
Carbonate (0.05)

Propylene TBAI (0.05) Ferrocene 4571* No Yes
Carbonate (0.025)

Propylene TBAI (0.05) TMPD 6667* No Yes
Carbonate (0.05)

Propylene LiC10 4  TMPD 2133* Yes, small Initially,
Carbonate (0.5) (0.05) number but quickly

extin-
guished

t Resistance was non-linear. At 8 Volts, the current was 100 mA (R=80 Q).
However, attempts to increase the voltage above 8 V resulted in additional
current flow with no increase in voltage.

* Sample holder was changed to the LCLSH.
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In all of the cases for which methanol was the solvent, a large number of bubbles

were produced. In the fifth case, which used PC as the solvent, tetrabutylammonium per-

chlorate as the supporting electrolyte, and ferrocene as the redox couple, light emission

was observed with few bubbles. This result was subsequently obtained with other sup-

porting electrolyte/redox couple combinations dissolved in PC.

We believe that this is the first demonstration of light emission from semiconduc-

tor laser material using non-aqueous liquid contacts. Greatly reduced bubble formation

and lower resistances compared to the GWA electrolyte were achieved. In the next few

sections, systematic studies of the solution resistance and light emission efficiency as a

function of electrolyte/redox couple combinations are described.

A finding from this experiment was that the redox couples used were not clear, but

dark in color, upon dissolution in the solvent, PC, which is clear. The electrolytic solu-

tions do not have a high extinction coefficient in the visible portion of the spectrum, but

are quite absorbing if the path lengths are too long. For example, dissolution of 0.1 M fer-

rocene in PC produces a liquid that is translucent and has a rusty red-orange color. In

lower concentrations (0.05 M), PC with ferrocene has a yellow color. Acetyl ferrocene

produces a much darker red liquid and TMPD produces a purple liquid in low concentra-

tions and becomes an almost black liquid at higher concentrations. This finding led to a

redesign of the electrochemical cell geometry. In the setup used to test the initial non-

aqueous solutions presented in Table 5-1, which was inherited from PA, the long optical

path through the liquid absorbed light in the visible spectrum. Therefore, we redesigned

the cell to minimize the distance that light traversed as it left the cell (see section 4.3).
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5.5 Solution Resistance vs. Supportin Electrolyte Concentration

In order to measure the resistance of various solvent/supporting electrolyte combi-

nations, two platinized titanium grids were placed in a beaker, which was filled with 150

ml of propylene carbonate. Leads from a pulse generator were connected to the two grids

and the current flowing through the electrolyte was monitored using a 10 92 resistor. In

these resistance experiments, 0.9 g (0.05 M) of ferrocene (as a redox couple) was added to

the solvent prior to the addition of any supporting electrolyte. Measurements were made

of the voltage applied to the cell and the current flowing through the cell to calculate the

cell resistance. The cell resistance was then tabulated as a function of supporting electro-

lyte molarity. Several supporting electrolytes were tested in this manner.

Lithium Chloride - LiCl was added to the cell in 0.1 g increments (16 mM incre-

ments). A plot of the resistance between the two electrodes vs. the molarity of the LiCI in

solution is shown in Figure 5-5. At a molarity of approximately 50 mM, the LiC1 was not

totally dissolved in the solvent. As additional LiC1 was added beyond this point, only a

fraction of the added LiCl was dissolved, with the remainder of the salt settling in the bot-

tom of the beaker.

Sodium Chloride - NaCl was used as the supporting electrolyte in a.fashion similar

to the LiCl. Figure 5-6 shows the plot of resistance of the cell vs. the molarity of NaC1 in

solution. At a low molarity, the salt was not totally dissolved in the PC with a large frac-

tion of the salt settling in the bottom of the beaker.

Lithium perchlorate - LiC10 4 was dissolved in the PC and ferrocene solution in

increments of 0.3 g (19 mM increments). Figure 5-7 shows the plot of the cell resistance

vs. the molarity of LiCIO 4 in solution.
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Figure 5-5. Resistance of an electrochemical cell as a function of LiCI molarity. The
solvent is propylene carbonate and the redox couple is ferrocene (0.9 g).
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Figure 5-6. Resistance of an electrochemical cell as a function of NaCl molarity.
The solvent is propylene carbonate and the redox couple is ferrocene (0.9 g).
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Figure 5-7. Resistance of an electrochemical cell as a function of LiClO 4 molarity.
The solvent is propylene carbonate and the redox couple is ferrocene (0.9 g).

In contrast to the previous two supporting electrolytes, LiCl0 4 dissolved easily in

the solvent. The addition of LiCl0 4 was stopped once the resistance saturated at 100 Q. It

should be noted that the cell resistance obtained using this electrolyte was lower than that

obtained using either LiCl or NaCl.

Tetrabutylammonium perchlorate - TBAP was dissolved in the PC and ferrocene

solution in increments of 0.2 g (4 mM increments). Figure 5-8 shows the plot of resis-

tance of the cell vs. the molarity of TBAP in solution.

Similar to the previous supporting electrolyte, LiC10 4, TBAP dissolved easily in

the solvent. Once again additional supporting electrolyte was not added once the resis-

tance saturated at 200 Q.

Figure 5-9(a) is an overlay of the four solvent/supporting electrolyte/redox couple

resistances vs. supporting electrolyte molarity. Because of the high resistance of the NaCI



103

2000

1500

4..)

1000

500

0

0 0.01 0.02 0.03 0.04 0.05 0.06

TBAP Molarity

Figure 5-8. Resistance of an electrochemical cell as a function of TBAP molarity.

The solvent is propylene carbonate and the redox couple is ferrocene (0.9 g).

solution, it is dropped from the plot shown in Figure 5-9(b) in order to focus on the data

from the LiCIO4 and TBAP cells.

5.6 Solution Resistance vs. Redox Couple Concentration

In the last section, experiments were described in which the solution resistance

was decreased by the addition of supporting electrolytes. In this section similar experi-

ments are described which determined that unlike increases in supporting electrolyte

molarity, increases in redox couple molarity resulted in only minor reductions in solution

resistance. Redox couples were added in 0.03 g increments to 75 ml of the solvent PC.

No supporting electrolytes were added to the PC so that changes in the resistance of the

cell would depend solely on the addition of the redox couples. A setup similar to that used

for the resistance measurements in the previous section was used. The voltage from the
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Figure 5-9. (a) Resistance of an electrochemical cell containing propylene carbonate
and 0.1 g ferrocene as a function of four different supporting electrolyte molarities.
(b) Same data except for the deletion of NaCl.
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pulsed power supply was set to 6 V and the variable resistor was set to lkQ. Table 5-2

shows the results of the experiment.

Table 5-2. Resistance as a function of redox couple concentration.

Initial Values Final Values
Redox
Couple Current Resistance Current Resistance Comments

(mA) (kW) (mA) (kW)

Ferrocene .08 74 .08 74 No change

Acetyl .12 49 .18 32 Drop in resis-
Ferrocene tance at 0.03 g

TMPD .1 59 .15 39 Steady decrease

In the case of ferrocene, no changes were observed in the current flow in the cell as

the redox couple was added to the cell. In the cases of acetyl ferrocene, a decrease in the

resistance to 32 kWi was observed after the initial 0.03 g of the redox couple was added.

Additional increase in the molarity of the redox couple resulted in no additional decrease

in resistance. In the case of TMPD, the results were slightly different from the first two

cases. In this case, the resistance dropped slowly as the redox couple was added as shown

in Figure 5-10.

One should note that the differences in the initial resistance values are not as sig-

nificant as they may seem. In collecting this data, the initial current values were less than

half a division using the smallest setting on the oscilloscope. Because the calculated resis-

tance was inversely proportional to the measured current, small changes in current flow

resulted in large differences in the calculated resistance. Additionally, all of the resistance

values shown here are over two orders of magnitude larger than the resistance values
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Figure 5-10. Resistance of the electrochemical cell as a function of the amount of

TMPD added to the cell. Solvent is 75 ml PC.

obtained using supporting electrolytes. Therefore, the conclusion that can be drawn from

this experiment is that an increase in redox couple concentration has little impact on the

solution resistance. However, increasing the redox couple concentration does result in a

darkening of the liquid in the cell. Because this cell darkening may result in light absorp-

tion and decreased LCL efficiency at high redox couple concentrations, it-is advisable to

use the smallest redox couple concentration possible.

5.7 Electrolyte Comparison

Based on the demonstration of light emission using non-aqueous electrolytes that

was discussed in section 5.4 and the solution resistance measurements presented in section

5.5, we undertook a systematic study of the relationship between light emission and the

composition of the non-aqueous electrolytic solution. Various combinations of supporting
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electrolytes and redox couples were studied using PC as the non-aqueous solvent. Table

5-3 lists the various combinations of supporting electrolytes and redox couples tested.

Table 5-3. Supporting electrolyte/redox couple combinations used for systematic study of
light emission as a function of supporting electrolyte molarity.

Redox
Supporting Maximum Supporting Redox Couple Couple

Electrolyte Electrolyte Molarity Mollty

TBAP 0.06 Ferrocene 0.05

TBAP 0.15 TMPD 0.05

TBAI 0.06 Ferrocene 0.05

TBAI 0.04 TMPD 0.05

The first solution combination that was studied used TBAP as the supporting elec-

trolyte and ferrocene as the redox couple. The electrolytic solution was prepared using

100 ml of PC as the solvent and 0.9 g (0.05 M) ferrocene. TBAP was then added incre-

mentally to the solution and the light emission properties and current flow under cw LCL

conditions using a constant current supply (150 V, 82.5 WO external resistor) were mea-

sured at each TBAP molarity. The LCLSH described in section 4.3 was drained and

refilled with solution after each incremental addition. For each TBAP molarity, the cur-

rent flowing in the LCL circuit was measured and three spectral profiles were measured

using the OMA. These spectra were integrated using software resident in the OMA in

order to obtain the integrated spectral counts. This data is presented in Figure 5-11.

As the TBAP molarity was increased, the light emission intensity, represented by

the integrated spectral counts, increased. The current flowing in the cell, represented by
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filled squares in the figure, also increased and began to saturate. The current increase and

saturation tracks closely with the drop in resistance as shown in Figure 5-8.
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Figure 5-11. Integrated spectral counts and cell current vs. TBAP molarity in PC.
The redox couple is 0.05 M ferrocene.

In addition to the use of ferrocene as the redox couple, TMPD was also employed

as a redox couple with TBAP as the supporting electrolyte. Data was collected in the

same manner as that described above. Figure 5-12 is a plot of the data collected for the

TBAP/TMPD combination. As with TBAP/ferrocene, the emission intensity and the cell

resistance decreased as the TBAP molarity was increased.

TBAI was also used as a supporting electrolyte with both ferrocene and TMPD as

the redox couple. Figure 5-13 is a plot of the light emission and cell current vs. TBAI

molarity with ferrocene as the redox couple, and Figure 5-14 is a plot of similar data for

TMPD as the redox couple.
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Figure 5-12. Integrated spectral counts and cell current vs. TBAP molarity in PC.

The redox couple is 0.05 M TMPD.
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Figure 5-13. Integrated spectral counts and cell current vs. TBAI molarity in PC.
The redox couple is 0.05 M ferrocene.
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Figure 5-14. Integrated spectral counts and cell current vs. TBAI molarity in PC.

The redox couple is 0.05 M TMPD.

Based on these experiments, we determined that using PC as the non-aqueous sol-

vent, the light emission properties and electrolytic cell resistance values saturated for sup-

porting electrolyte concentrations over 0.06 M. All of the combinations used in the

systematic study produced bright luminescence and were optimized at redox couple

molarities of 0.05 M and supporting electrolyte molarities equal to or slightly greater then

0.05 M.

5.8 Non-aqueous Electrolyte Lifetime Experiments

In section 4.1, the issue of luminescence temporal stability (LTS) was addressed

from the point of view of diagnostics. In potential display applications using liquid con-

tacts, this temporal stability of the emission process is also important. In fact, the tempo-

ral stability requirement for displays will be more stringent than diagnostics because of the

long lifetimes expected of displays.
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Using the LCLSH, samples from wafer X847 were tested under constant current

LCL conditions using several supporting electrolyte/redox couple combinations dissolved

in PC. In addition, the sample holder was used to test sample #3 from wafer GE88 using

the GWA electrolyte.

Figure 5-15 and Figure 5-16 show the integrated spectral counts and current as a

function of time for TBAP with ferrocene (Figure 5-15) and TMPD (Figure 5-16), respec-

tively. Figure 5-17 and Figure 5-18 show the integrated spectral counts and current as a

function of time for TBAI with ferrocene and TMPD, respectively. Finally, Figure 5-19 is

the integrated spectral counts and current as a function of time using the GWA electrolyte.

In Figure 5-15 (TBAP/ferrocene), both the integrated spectral count and the cur-

rent drop off as the LCL time increases. One can observe that after 15 minutes, the current

has only decreased 3%, but the light intensity has decreased by over 20%. At the 15

minute point, the voltage on the constant current supply was increased (from 31.5 V to

32.2 V) to force the current back to the original level of 0.25 mA. Although the current

was increased back to the original level, the light emission increased only slightly to a

value well below the original value and then began to decrease again.

At 20 minutes, the solution was drained from the sample holder and replaced with

fresh solution. The solution change at the 20 minute point appears as an open triangle

(integrated spectral counts) and a filled triangle (current) in Figure 5-15. Although the

current was once more set at the original value of 0.25 mA, the light emission did return to

the original value. Therefore, we conclude that using TBAP as the supporting electrolyte

adversely affects the semiconductor sample. From Table 5-1, it was observed that the use



112

400 . . . . 0.25

o
380 000 0.248 '>

360 0.246

340 0 0.244w
00

320 o 0.242

300 . . . . I . ' 0.24

0 5 10 15 20

Time (minutes)

Figure 5-15. Integrated spectral counts and cell current vs. time for TBAP in PC.
The redox couple is 0.05 M ferrocene.

60i .. . . 0.25

55
0

W 50 0.245
00"q

. 45 0 00
00 000

40 00 00 02K• 0
35O0

0 000
S 30 0.235

2 25

20 !i... I 0.23
0 5 10 15 20 25

Time (minutes)
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The redox couple is 0.05 M TMPD.
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of LiC1O 4 as a supporting electrolyte caused quick extinction the light emission, so one

can conclude that the perchlorate ion is the source of the semiconductor degradation.

Using TMPD as the redox couple, a similar decrease in light emission and current

was observed. In this case, the decrease was greater than that observed using ferrocene.

The light intensity decreased by around 50% and the current decreased around 10%. At

the 15 minute point, the voltage was increased from 32 V to 34 V to increase the current

back to the original value of 0.25 mA. The light emission intensity increased, but once

again, not back to the original level. Using TMPD as the redox couple, it was observed

that a purple liquid was formed at the anode during LCL testing. This purple liquid is the

oxidized form of TMPD and may have resulted in the decrease in conductivity as a func-

tion of time.

The lifetest using TBAI and ferrocene produced results different from that

obtained using TBAP. In the case of TBAI/ferrocene, the light emission intensity did not

decrease as a function of time. This constant light emission was observed despite the fact

that the current flowing in the circuit decreased by 2% over the 25 minute test period. A

variation of 2% in the light emission intensity would vary 7,000 counts on either side of

the average of 337,000 counts. This variation from 330 to 343 x 103 could easily be

obscured in the background noise, although no decreasing trend was observed in the data.

The results obtained for the TBAI/TMPD combination were similar to those

obtained with TBAP/ferrocene. The light emission intensity decreased by about 20%

while the current density decreased -3%. At the 16 minute point, the voltage was

increased from 32.2 V to 33 V, but although the current increased back to the original

value, the light emission intensity did not return to the original value.
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The following conclusions may be drawn from this experiment:

1. The use of supporting electrolytes containing the perchlorate ion (TBAP and

LiCO 4) degrade the semiconductor sample.

2. The use of TMPD as a redox couple causes the light emission intensity and cell

current to decrease as a function of time. This could be a result of the production of the

oxidized form of TMPD, which has a dark purple color. The emission intensity could

decrease as a result of absorption by the oxidized form of TMPD. Ideally, the oxidized

form of TMPD would be reduced at the semiconductor cathode. It is possible that this

reaction does not proceed in an ideal fashion, increasing the resistance of the cell and

decreasing the cell current.

3. The use of the TBAI/ferrocene combination resulted in stable light emission

with minimal decrease in the cell current. A possible explanation for the decrease in cell

current could be that the reduced form of ferrocene (Fc+) is not fully oxidized at the plati-

nized titanium grid, resulting in an increase in cell resistance.

It was stated at the beginning of this section that these lifetime experiments were

performed under constant current conditions. Due to the decrease in current measured

during the tests, it appears that the current was not constant during the duration of the

tests. Although the measured current varied slightly, we believe that these variations in

current were due to measurement error. The current variations ranged from 100-200 piA

for these experiments, values that are below the measurement tolerance of our current test

equipment. We believe that the use of a more accurate ammeter would demonstrate that

the current, was, in fact, constant during these tests.
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Finally, a sample (#3) from wafer GE-88 was tested to determine the impact of

using GWA electrolyte in the sample holder. It was proposed in section 4.1 that proper

masking of the n-side of a laser wafer would result in long lifetimes. The sample holder

provided a means for testing this hypothesis as the n-side of the sample is isolated from

the electrolytic solution by an 0-ring. Figure 5-19 presents the integrated spectral counts

and cell current as a function of time.
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Figure 5-19. Integrated spectral counts and cell current vs. time for GWA electrolyte
tested using the LCL sample holder. The voltage was fixed at 80 V for-the duration
of the experiment.

As predicted, the light emission and current are stable as a function of time. Varia-

tions in the emission intensity and current are believed to be due to the H2 gas bubbles that

form on the surface of the semiconductor during LCL. This effect is possibly exaggerated

using the sample holder due to the fact that the bubbles tend to experience increased

adherence to the sample as they are trapped at the upper lip of the 0-ring.



CHAPTER 6

SUMMARY AND FUTURE DIRECTIONS

6.1 Summary

In Chapter 2, an introduction to the theory and practice of pulsed anodization (PA),

a technique developed at the University of Florida that is useful for depositing native

oxides on a variety of semiconductor laser materials, was provided. The first application

of PA to form submicron diffraction gratings was described. Additionally, the character-

ization of a novel light emission mechanism, produced by electron-hole recombination in

the quantum well active region, which we have named pulsed anodization luminescence

(PAL), was described. Measurements of the temporal behavior of the PAL emission (the

relationship between the timing of the PA current pulse and the emitted light) were used to

develop a circuit model. We have used this circuit model to quantitatively describe the

changes in current flow and light emission both during PA and after the termination of

oxide growth.

In Chapters 3 and 4, we reported on the development and application of a novel

technique that generates bright emission from semiconductor laser material using a liquid

contact. We have named this technique liquid contact luminescence (LCL) and used it to

characterize the material. The technique is quick, inexpensive, and nondestructive and

provides information about a variety of epitaxial laser wafer material parameters, namely:

peak emission wavelength, spectral linewidth, relative light emission capability versus

current density, and relative values of internal quantum efficiency (Tin).

117
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In Chapter 5, the design and testing of new electrolytic solutions based on non-

aqueous solvents was described. Using these non-aqueous solutions, we accomplished the

first demonstration of light emission from semiconductor laser materials using non-aque-

ous liquid contacts. A systematic study of these non-aqueous solutions was performed and

promising lifetest results were obtained.

6.2 Future Directions - Diagnostic

Based on these successful experiments using LCL, there are several areas of

research which we believe would produce profitable results upon further exploration.

Foremost among the material characterization experiments is the use of LCL in a pulsed

format to obtain information about the built-in charge at the p-n junction. To make the

LCL sample holder more appealing for commercial applications, several improvements in

the design and fabrication are proposed. Finally, the extension of the LCL technique to

characterize light emitting diode (LED) materials, as well as laser materials, is proposed.

Pulsed LCL and Built-in Charge

During pulsed LCL at low current levels, it was observed that there was a temporal

delay between the application of voltage to the LCL circuit and the emission of light. This

observed emission delay, which could be up to 20 ts, and capacitive effects observed in

the shape of the current pulse flowing in the circuit, led us to conclude that charge rear-

rangement in the active region of the semiconductor laser material was occurring. There-

fore, it may be possible to utilize pulsed LCL experiments to obtain useful information

about the built-in charge in diode light emitters as well as information about charge traps,

and the electrochemistry of the semiconductor electrode-liquid electrolyte interface.
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New Cell Design

One problem encountered with the LCL sample holder during these experiments

was that the cell resistance was high. Although the resistance of the solution was reduced

by the addition of a supporting electrolyte, the cell geometry impeded the reduction of cell

resistance. Specifically, the copper wire used for the anode in the cell had a small surface

area. Additionally, it was removed from the sample by a distance equal to the radius of the

petri dish, -5 cm. In order to further reduce the cell resistance, several changes in the cell

design are proposed. Incorporation of these changes may result in easier commercializa-

tion of these techniques.

The first improvement that may increase the cell conductivity would be to evapo-

rate a layer of transparent conducting material on the glass slide directly opposite the

semiconductor sample. An alternative to a transparent conductor would be the evapora-

tion of a thin (<100 A) layer of a noble metal such as platinum or gold. At this thickness,

the losses due to absorption would be acceptable. This conducting layer would then be

electrically connected to the anode and thereby significantly increase the anode surface

area. Figure 6-1 is a schematic diagram that demonstrates the-location of this evaporated

contact. In addition to the increased anode area, additional improvement jn cell conduc-

tivity would be realized due to the close proximity between the semiconductor sample and

the anode.

An additional improvement in the LCL sample holder would be to machine the fix-

ture out of a material such as Teflon'. This would require the upgrading of the O-ring

from the current buna material to a Viton ® or TeflonO O-ring. This inert sample holder
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Figure 6-1. Side view of the LCL sample holder improved by the addition of a trans-
parent contact to the glass slide.

would allow for the testing of electrolytic solutions that react with the plastic petri dish

and/or O-ring currently used.

LED Material Evaluation

In these experiments, we have used state-of-the-art epitaxially grown laser materi-

als. Since there is great commercial interest is the evaluation and improvement of materi-

als used to fabricate LEDs, a natural extension of the LCL technique would be the

evaluation of LED materials. Information similar to that obtained from semiconductor

laser wafers could be obtained from LED materials. Characterization information useful
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to LED material manufacturers would include spectral linewidth, peak spectral response,

wafer uniformity, and wafer-to-wafer emission characteristics. This extension of LCL to

include LED materials may provide a way to dramatically increase the use of LCL as a

diagnostic technique.

6.3 Future Directions - Displays

If LCL is to prove useful for FPD applications, significant reductions in materials

cost will be necessary. In addition, increases in luminescence lifetime and improvements

in the electrolytic solution will also be required. Finally, practical FPD designs are

required if LCL is to be used as the light generation mechanism used in displays.

Inexpensive LED Materials

In order to lower the cost of the materials used in the displays, LED materials

could be examined for use as the light emitting component of the FPD. The relatively low

cost of LED wafers in comparison to semiconductor laser wafers makes them a superior

choice with respect to cost. Studies need to be performed to determine the trade-offs

inherent in this change of luminescent materials. Comparisons of the luminescent effi-

ciency of both laser and LED materials could be performed. Experiments to determine the

spectral linewidth of various types of LED materials could be conducted. Additionally,

the ability to obtain a wide range of peak emission wavelengths using LED materials

should be examined. This variety of emission wavelengths could prove useful in the

design and fabrication of full color displays.

Increased Luminescence Lifetime

In the lifetime experiments performed using non-aqueous solvents, several combi-

nations of supporting electrolytes and redox couples resulted in emission decay as a func-
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tion of time. At this time, we do not have a complete explanation for the observed

emission decay. A goal for future research would be a complete understanding of these

degradation mechanisms. On a fundamental level, an understanding of the processes lead-

ing to decreased light emission would be useful if one intends to fabricate long-lived cells.

Additionally, knowledge of the underlying degradation mechanisms could lead to possible

improvements in both the light emitting materials and the non-aqueous solutions.

Solution Improvements

As pointed out in the previous section related to improvements in the sample

holder, a decrease in cell resistance is desirable. One method that may be used to decrease

the cell resistance, and thereby improve the wall plug efficiency, would be to reduce the

resistance of the electrolytic solution. In our experiments, supporting electrolytes were

added until the solution resistance stopped decreasing. However, the number of support-

ing electrolytes we utilized was limited. A literature search could be undertaken to find

additional supporting electrolytes that are soluble in non-aqueous solvents. Studies to

determine the electrolyte solubility and solution resistance could then be performed.

An additional improvement in the electrolytic solution that would result in

increased cell efficiency would be to use clear redox couples. In our experiments, the dis-

solution of the redox couples always resulted in coloring of the solution. Light absorption

in the solution then led to decreases in light emission efficiency. Based on a literature

search and experiments, it is possible that a redox couple that is clear upon dissolution

could be found.

The first approach suggested in section 5.4 to reduce the hydrogen bubble produc-

tion was to use a redox couple that would react at a lower potential than water. In this
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approach, deionized water could be used as the solvent, a non-corrosive (inert) supporting

electrolyte, like LiCI or NaCI could be dissolved to reduce the resistance of the liquid. A

redox couple (Fc+/Fco) that reacts with favorable kinetics and at low voltages, would pro-

vide a current flow mechanism at the electrodes to reduce the likelihood of the electrolysis

of water occurring. Finally, the addition of KOH to the liquid would reduce the number of

H ions in solution and further discourage the electrolysis process. This reduction would

occur because the equilibrium between hydrogen and hydroxide ions must always be

maintained:

[H+] [OH] = 10x10 14  (6.1)

Initial attempts were made to utilize this proposed solution, but the redox couples

we had available did not dissolve in water. An additional literature search to find redox

couples that are soluble in water would allow for additional investigation of this area.

FPD Designs

Finally, the improvements in the display components described above would need

to be combined with a display architecture to produce a practical FPD design. Based on

the results using LED materials, it is possible that displays could be fabricated using inex-

pensive light emitting materials. The improved understanding of the degradation mecha-

nisms would be combined with improvements in both the solution and cell design to

produce a display design that would be characterized by long lifetimes and high efficien-

cies. The incorporation of these elements into a complete design would bring the LCL

technique to the forefront as a viable candidate for FPD applications.



APPENDIX: CHEMICAL PROPERTIES

A. 1 Non-aqueous Solvents

The solvents most widely used for dissolving organic compounds are the so-called

dipolar aprotic solvents [Sawy74]. These solvents have large dielectric constants and low

proton availability. This aprotic character simplifies the electrochemical reactions, pro-

ducing stable radical cations or anions that are produced by the removal or addition of an

electron.

Although many solvents have been used by researchers, only a few are widely

used and four solvents are employed in most applications. These four solvents are aceto-

nitrile, propylene carbonate (PC), N,N-dimethylformamide (DMF), and dimethylsulfox-

ide (DMSO).

Acetonitrile

Acetonitrile has been widely used as a solvent since it resists both reduction and

oxidation and is an excellent solvent for many organic compounds and some organic salts.

It is stable on storage after purification and permits reasonably high conductivities. How-

ever, it is toxic and with a maximum recommended limit of 40 ppm, the vapor pressure is

large enough for this to be a hazard. Due to the difficulty and inconvenience of perform-

ing all experiments under a fume hood in the microelectronics laboratory, this vapor toxic-

ity led us to disqualify acetonitrile as a possible solvent.

Propylene Carbonate

Propylene Carbonate (4-methyldioxolane-2, 1,2 - Propanediol cyclic carbonate,

PC, C4 H60 3).
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CH3
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PC has been widely used as a solvent for synthetic polymers and as a reaction

medium. It is produced via a reaction of C0 2 and propylene. It is a clear, colorless liquid

that readily dissolves many organic compounds and some inorganic salts. It is suitable for

electrochemistry because of its resistance to oxidation and the fact that it is not hygro-

scopic to any great degree and is non-corrosive, although it is more viscous than acetoni-

trile. Both radical cations and anions are stable in the solvent and it has been widely used

in battery research. A feature that has made PC attractive to us compared to some other

electrochemical solvents is its low toxicity (a benefit not enjoyed by acetonitrile, DFM, or

DMSO). The low toxicity has allowed for experiments to be performed without the use of

a fume hood.

N.N-dimethylformamide

N,N-dimethylformamide (DMF) is a colorless liquid that has beenwidely used as

an electrochemical solvent. The purified solvent cannot be stored for more than a day or

so at room temperature without some decomposition and the vapor is toxic with exposure

not recommended at concentrations greater than 10 ppm by volume. The instability and

toxicity led us to disqualify DMF as a solvent option.
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Dimethylsulfoxide

Dimethylsulfoxide (DMSO) has found use as an electrochemical solvent due to its

high dielectric constant and resistance to oxidation and reduction. It is nearly odorless and

is essentially nontoxic. However, it penetrates the skin rapidly, carrying any toxic solutes

dissolved in it into the body. Because some of the supporting electrolytes that are dis-

solved in the solvent are strong oxidizing agents, DMSO was disqualified as a solvent.

A.2 Supporting Electrolytes

In some branches of electrochemistry using aprotic solvents, it has been customary

to use tetraalkylammonium salts as supporting electrolytes. These supporting electrolytes

have been chosen due to their resistance to reduction and oxidation. In these experiments,

several supporting electrolytes have been used. They are Lithium Perchlorate, Lithium

Chloride, Sodium Chloride, Tetrabutylammonium Perchlorate, and Tetrabutylammonium

Iodide.

Lithium Perchlorate

Lithium Perchlorate (LiC10 4). White powder. Solubility in water @ 250 is 37.5%.

Appreciably soluble in alcohol, acetone, ether, ethyl acetate. Soluble in PC. FW = 106.4.

Lithium Chloride

Lithium Chloride (LiCl)- White powder. Slightly soluble in PC. FW = 42.39.

Sodium Chloride

Sodium Chloride (NaCI) - Low solubility in PC.

Tetrabutylammonium Perchlorate

Tetrabutylammonium Perchlorate (TBAP), [CH3(CH2)3]4NC10 4. White powder.

Soluble in PC. FW = 341.92.
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Tetrabutylammoniurn Iodide

Tetrabutylammonium Iodide (TBAI), [C1 3(C'12)314NI. White powder. Soluble in

PC. FW = 369.38.

A.3 Redox Couples

Tetramethyl-n-phenylenediamine

Tetramethyl-p-phenylenediamine (TMPD, N,N,N',N'-Tetramethyl-1,4-benzenedi-

amine), C 101{ 16N2

(CH3)2N - N(CH3)2

TMPD is slightly soluble in cold water, more soluble in hot water, freely soluble in

alcohol, chloroform, ether, and petroleum ether. Thin brown flakes. TMPD dissolves well

inPC. FW= 164.25.

Ferrocene

Ferrocene (cicyclopentadienyliron, biscyclopentadienyliron), C10H10Fe

Fe

Practically insoluble in H20, 10% NaOH, and concentrated boiling HC1. Soluble

in alcohol, ether, benzene. Soluble in PC. Rust colored powder. FW = 186.04.

Acety l Ferrocene

Acetyl Ferrocene (acetylcyclopentadienylimn), Cj2H2FeO
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0

Fe

Acetyl Ferrocene is soluble in PC. Upon dissolution, it has a dark red color that is

darker than dissolved ferrocene. Red powder. FW = 228.07.
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